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Description 

Field of the Invention 

5 [0001] This invention relates to analytical sensors for the detection of bioanalytes in a small volume sample. 
Background of the Invention 

[0002] Analytical sensors are useful in chemistry and medicine to determine the presence and concentration of a 
10 ' biological analyte. Such sensors are needed, for example, to monitor glucose in diabetic patients and lactate during 
critical care events. For example, U.S^ Pat. No. 5,1 20,420 discloses a biosensor having an insulating base board having 
formed thereon, in sequence, leads an electrode system mainly made of carbon, an insulating layer and a reaction 
layer composed of an enzyme and an electron acceptor, and being provided thereon with a space defined by a spacer 
and a cover. 

15 [0003] Currently available technology measures bioanalytes in relatively large sample volumes, e.g., generally re- 
quiring 3 microliters or more of blood or other biological fluid. These fluid samples are obtained from a patient, for 
example, using a needle and syringe, or by lancing a portion of the skin such as the fingertip and "milking" the area to 
obtain a useful sample volume. These procedures are inconvenient for the patient, and often painful, particularly when 
frequent samples are required. Less painful methods for obtaining a sample are known such as lancing the arm or 

20 thigh, which have a lower nerve ending density. However, lancing the body in the preferred regions typically produces 
submicroliter samples of blood, because these regions are not heavily supplied with near-surface capillary vessels. 
[0004] It would therefore be desirable and very useful to develop a relatively painless, easy to use blood analyte 
sensor, capable of performing an accurate and sensitive analysis of the concentration of analytes in a small volume 
of sample. 

25 

Summary of the Invention 

[0005] The sensors of the present invention provide a method for the detection and quantification of an analyte in 
submicroliter samples. In general, the invention includes a method and sensor for analysis of an analyte in a small 
30 volume of sample, preferably by coulometry, as defined in the claims. 

Brief Description of the Drawings 

[0006] Referring now to the drawings, wherein like reference numerals and letters indicate corresponding structure 
35 throughout the several views: 

Figure 1 is a schematic view of a first embodiment of ah electrochemical sensor in accordance with the principles 
of the present invention having a working electrode and a counter electrode facing each other; 
Figure 2 is a schematic view of a second embodiment of an electrochemical sensor in accordance with the principles 
of the present invention having a working electrode and a counter electrode in a coplanar configuration; 
Figure 3 is a schematic view of a third embodiment of an electrochemical sensor in accordance with the principles 
of the present invention having a working electrode and a counter electrode facing each other and having an 
extended sample chamber; 

Figure 4 is a not-to-scale side-sectional drawing of a portion of the sensor of Figures 1 or 3 showing the relative 
positions of the redox mediator, the sample chamber, and the electrodes; 

Figure 5 is a top view of an embodiment of a multiple electrode sensor in accordance with the principles of the 
present invention; 

Figure 6 is a perspective view of an embodiment of an analyte measurement device in accordance with the prin- 
ciples of the present invention having a sample acquisition means and the sensor of Figure 4; 
Figure 7 is a graph of the charge required to electrooxidize a known quantity of glucose in an electrolyte buffered 
solution (filled circles) or serum solution (open circles) using the sensor of Figure 1 with glucose oxidase as the 
second electron transfer agent; 

Figure 8 is a graph of the average glucose concentrations for the data of Figure 7 (buffered solutions only) with 
calibration curves calculated to fit the averages; a linear calibration curve was calculated for the 10-20 mM con- 
centrations and a second order polynomial calibration curve was calculated for the 0-10 mM concentrations; 
Figure 9 is a Clarke-type clinical grid analyzing the clinical relevance of the glucose measurements of Figure 7; 
Figure 10 is a graph of the charge required to electrooxidize a known quantity of glucose in an electrolyte buffered 
solution using the sensor of Figure 1 with glucose dehydrogenase as the second electron transfer agent; 
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Figures 11 A, 11B, and 11 C are top views of three embodiments of an electrochemical sensor of the present in- 
vention; 

Figures 1 2A and 1 2B are cross-sectional views of another embodiment of an electrochemical sensor of the present 
invention formed using a recess of a base material; 
5 Figures 13A and 13B are cross-sectional views of yet another embodiment of an electrochemical sensor or the 

present invention formed in a recess of a base material; and 

Figures 1 4A and 1 4B are cross-sectional view of a further embodiment of an electrochemical sensor of the present 
invention formed using a recess of a base material and a sorbent material. 

w Detailed Description of the Preferred Embodiment 

[0007] When used herein, the following definitions define the stated term: 

[0008] An "air-oxidizable mediator" is a redox mediator that is oxidized by air, preferably so that at least 90% of the 
mediator is in an oxidized state upon storage in air within a useful period of time, e.g., one month or less, and, preferably, 
15 one week or less, and, more preferably, one day or less. • 

[0009] A "biological fluid" is any body fluid in which the analyte can be measured, for example, blood, interstitial fluid, 
dermal fluid, sweat, and tears. 

[0010] The term "blood" in the context of the invention includes whole blood and its cell-free components, namely, 
plasma and serum. 

20 [001 1 ] "Coulometry" is the determination of charge passed or projected to pass during complete or nearly complete 
electrolysis of the analyte, either directly on the electrode or through one or more electron transfer agents. The charge 
is determined by measurement of charge passed during partial or nearly complete electrolysis of the analyte or, more 
often, by multiple measurements during the electrolysis of a decaying current and elapsed time. The decaying current 
results from the decline in the concentration of the electrolyzed species caused by the electrolysis. 

25 [001 2] A "counter electrode" refers to an electrode paired with the working electrode, through which passes an elec- 
trochemical current equal in magnitude and opposite in sign to the current passed through the working electrode. In 
the context of the invention, the term "counter electrode" is meant to include counter electrodes which also function 
as reference electrodes (i.e. a counter/reference electrode). 

[0013] An "electrochemical sensor" is a device configured to detect the presence and/or measure the concentration 
30 of an analyte via electrochemical oxidation and reduction reactions on the sensor. These reactions are transduced to 
an electrical signal that can be correlated to an amount or concentration of analyte. 

[0014] "Electrolysis" is the electrooxidation or electroreduction of a compound either directly at an electrode or via 
one or more electron transfer agents. 

[0015] The term "facing electrodes" refers to a configuration of the working and counter electrodes in which the 
35 working surface of the working electrode is disposed in approximate opposition to a surface of the counter electrode 
and where the distance between the working and counter electrodes is less than the width of the working surface of 
the working electrode. 

[0016] A compound is "immobilized" on a surface when it is entrapped on or chemically bound to the surface. 
[0017] The "measurement zone" is defined herein as a region of the sample chamber sized to contain only that 
40 portion of the sample that is to be interrogated during the analyte assay. 

[0018] A "non-leachable" or "non-releasable" compound is a compound which does not substantially diffuse away 
from the working surface of the working electrode for the duration of the analyte assay. 

[0019] A "redox mediator" is an electron transfer agent for carrying electrons between the analyte and the working 
electrode, either directly, or via a second electron transfer agent. 
45 [0020] A "second electron transfer agent" is a molecule which carries electrons between the redox mediator and the 
analyte. 

[0021 ] "Sorbent material" is material which wicks, retains, or is wetted by a fluid sample in its void volume and which 
does not substantially prevent diffusion of the analyte to the electrode. 

[0022] A "working electrode" is an electrode at which analyte is electrooxidized or electroreduced with or without the 
so agency of a redox mediator. 

[0023] A "working surface" is that portion of the working electrode which is coated with redox mediator and configured 
for exposure to sample. 

. [0024] The small volume, in vitro analyte sensors of the present invention are designed to measure the concentration 
of an analyte in a portion of a sample having a volume less than about 1 u.L, preferably less than about 0.5 pL, more 
55 preferably less than about 0.2 uL, and most preferably less than about 0.1 uL The analyte of interest is typically 
provided in a solution or biological fluid, such as blood or serum. Referring to the Drawings in general and Figures 1- 
4 in particular, a small volume, in vitro electrochemical sensor 20 of the invention generally includes a working electrode 
22, a counter (or counter/reference) electrode 24, and a sample chamber 26 (see Figure 4). The sample chamber 26 
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is configured so that when a sample is provided in the chamber the sample is in electrolytic contact with both the 
working electrode 22 and the counter electrode 24. This allows electrical current to flow between the electrodes to 
effect the electrolysis (eiectrooxidation or electroreduction) of the analyte. 

5 Working Electrode 

[0025] The working electrode 22 may be formed from a molded carbon fiber composite or it may consist of an inert 
non-conducting base material, such as polyester, upon which a suitable conducting layer is deposited. The conducting 
layer should have relatively low electrical resistance and should be electrochemically inert over the potential range of 

10 the sensor during operation. Suitable conductors include gold, carbon, platinum, ruthenium dioxide and palladium, as 
well as other non-corroding materials known to those skilled in the art. The electrode and/or conducting layers are 
deposited on the surface of the inert material by methods such as vapor deposition or printing. 
[0026] A tab 23 may be provided on the end of the working electrode 22 for easy connection of the electrode to 
external electronics (not shown) such as a voltage source or current measuring equipment. Other known methods or 

15 structures may be used to connect the working electrode 22 to the external electronics. 

Sensing Layer and Redox Mediator 

[0027] A sensing layer 32 containing a non-leachable (i.e., non-releasable) redox mediator is disposed on a portion 
20 of the working electrode 22. Preferably, there is little or no leaching of the redox mediator away from the working 
electrode 22 into the sample during the measurement period, which is typically less than about 5 minutes. More pref- 
erably, the redox mediators of the present invention are bound or otherwise immobilized on the working electrode 22 
to prevent undesirable leaching of the mediator into the sample. A diffusing or leachabie (i.e. , releasable) redox mediator 
is not desirable when the working and counter electrodes are close together (i.e., when the electrodes are separated 
25 by less than about 1 mm), because a large background signal is typically produced as the unbound mediator shuttles 
electrons between the working and counter electrodes, rather than between the analyte and the working electrode. 
This and other problems have hindered the development of low resistance cells and increased the minimum sample 
size required for determination of analyte concentration. 

[0028] Application of sensing layer 32 on working electrode 22 creates a working surface on that electrode. In general, 

30 the working surface is that portion of the working electrode 22 coated with mediator and able to contact a fluid sample. 
If a portion of the sensing layer 32 is covered by a dielectric or other material, then the working surface will only be 
that portion of the electrode covered by redox mediator and exposed for contact with the sample. 
[0029] The redox mediator mediates a current between the working electrode 22 and the analyte and enables the 
electrochemical analysis of molecules which are not suited for direct electrochemical reaction on an electrode. The 

35 mediator functions as an electron transfer agent between the electrode and the analyte. 

[0030] Almost any organic or organometallic redox species can be used as a redox mediator. In general, the preferred 
redox mediators are rapidly reducible and oxidizable molecules having redox potentials a few hundred millivolts above 
or below that of the standard calomel electrode (SCE), and typically not more reducing than about -100 mV and not 
more oxidizing than about +400mV versus SCE. Examples of organic redox species are quinones and quinhydrones 

40 and species that in their oxidized state have quinoid structures, such as Nile blue and indophenol. Unfortunately, some 
quinones and partially oxidized quinhydrones react with functional groups of proteins such as the thiol groups of 
cysteine, the amine groups of lysine and arginine, and the phenolic groups of tyrosine which may render those redox 
species unsuitable for some of the sensors of the present invention, e.g., sensors that will be used to measure analyte 
in biological fluids such as blood. 

45 [0031] In general, mediators suitable for use in the invention have structures which prevent or substantially reduce 
the diffusional loss of redox species during the period of time that the sample is being analyzed. The preferred redox 
mediators include a redox species bound to a polymer which can in turn be immobilized on the working electrode. 
Useful redox mediators and methods for producing them are described in U.S. Patent Nos. 5,264,104; 5,356,786; 
5,262,035; and 5,320,725, herein incorporated by reference. Although, any organic or organometallic redox species 

so can be bound to a polymer and used as a redox mediator, the preferred redox species is a transition metal compound 
or complex. The preferred transition metal compounds or complexes include osmium, ruthenium, iron, and cobalt 
compounds or complexes. The most preferred are osmium compounds and complexes. 

[0032] One type of non-releasable polymeric redox mediator contains a redox species covalently bound in a poly- 
meric composition. An example of this type of mediator is poly(vinylferrocene). 
55 [0033] Alternatively, a suitable non-releasable redox mediator contains an ionically-bound redox species. Typically, 
these mediators include a charged polymer coupled to an oppositely charged redox species. Examples of this type of 
mediator include a negatively charged polymer such as Nation® (DuPont) coupled to a positively charged redox species 
such as an osmium or ruthenium polypyridyl cation. Another example of an ionically-bound mediator is a positively 
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charged polymer such as quaternized poly(4-vinyl pyridine) or poly(1 -vinyl imidazole) coupled to a negatively charged 
redox species such as ferricyanide or ferrocyanide. 

[0034] In another embodiment of the invention, the suitable non-releasable redox mediators include a redox species 
coordinatively bound to the polymer. For example, the mediator may be formed by coordination of an osmium or cobalt 
. 5 2, 2'-bipyridyi complex to poly(1 -vinyl imidazole) or poly(4-vinyl pyridine). 

[0035] The preferred redox mediators are osmium transition metal complexes with one or more ligands having a 
nitrogen-containing heterocycle such as 2,2 , -bipyridine, 1,10-phenanthroline or derivatives thereof. Furthermore, the 
preferred redox mediators also have one or more polymeric ligands having at least one nitrogen-containing heterocycle, 
such as pyridine, imidazole, or derivatives thereof. These preferred mediators exchange electrons rapidly between 

10 each other and the electrodes so that the complex can be rapidly oxidized and reduced. 

[0036] In particular, it has been determined that osmium cations complexed with two ligands containing 2,2'-bipyri- 
dine, 1 ,1 0-phenanthroline, or derivatives thereof, the two ligands not necessarily being the same, and further complexed 
with a polymer having pyridine or imidazole functional groups form particularly useful redox mediators in the small 
volume sensors of the present invention. Preferred derivatives of 2,2'-bipyridine for complexation with the osmium 

15 cation are 4,4 , -dimethyl-2,2 , -bipyridine and mono-, di-, and polyalkoxy-2,2'-bipyridihes, such as 4,4 , -dimethoxy-2,2'- 
bipyridine, where the carbon to oxygen ratio of the alkoxy groups is sufficient to retain solubility of the transition metal 
complex in water. Preferred derivatives of 1 ,1 0-phenanthroline for complexation with the osmium cation are 4,7-dime- 
thyl-1,1 0-phenanthroline and mono-,di-, and polyalkoxy-1,10-phenanthroiines, such as 4,7-dimethoxy-1,1 0-phenan- 
throline, where the carbon to oxygen ratio of the alkoxy groups is sufficient to retain solubility of the transition metal 

20 complex in water. Preferred polymers for complexation with the osmium cation include poly(1 -vinyl imidazole), e.g., 
PVI, and poly(4-vinyl pyridine), e.g., PVP, either alone or with a copolymer. Most preferred are redox mediators with 
osmium complexed with poly(1 -vinyl imidazole) alone or with a copolymer. 

[0037] The preferred redox mediators have a redox potential between about - 1 50 mV to about +400 mV versus the 
standard calomel electrode (SCE). Preferably, the potential of the redox mediator is between about -1 00 mV and +1 00 

25 mV and more preferably, the potential is between about -50 mV and +50 mV. The most preferred redox mediators have 
osmium redox centers and a redox potential more negative than +100 mV versus SCE, more preferably the redox 
potential is more negative than +50 mV versus SCE, and most preferably is near -50 mV versus SCE. 
[0038] It is also preferred that the redox mediators of the inventive sensors be air-oxidizable. This means that the 
redox mediator is oxidized by air, preferably so that at least 90% of the mediator is in an oxidized state prior to intro- 

30 duction of sample into the sensor. Air-oxidizable redox mediators include osmium cations complexed with two mono-, 
di-, or poryalkoxy-2,2'-bipyridine or mono-, di-, or polyalkoxy-1,1 0-phenanthroline ligands, the two ligands not neces- 
sarily being the same, and further complexed with polymers having pyridine and imidazole functional groups. In par- 
ticular, Os[4,4'-dimethoxy-2,2 , -bipyridine] 2 CI + ' +2 complexed with poly(4-vinyl pyridine) or poly(1 -vinyl imidazole) attains 
approximately 90% or more oxidation in air. 

35 [0039] In a preferred embodiment of the invention, the sensing layer 32 includes a second electron transfer agent 
which is capable of transferring electrons to or from the redox mediator and the analyte. One example of a suitable 
second electron transfer agent is an enzyme which catalyzes a reaction of the analyte. For example, a glucose oxidase 
or glucose dehydrogenase, such as pyrroloquinoline quinone glucose dehydrogenase (PQQ), is used when the analyte 
is glucose. A lactate oxidase fills this role when the analyte is lactate. These enzymes catalyze the electrolysis of an 

40 analyte by transferring electrons between the analyte and the electrode via the redox mediator. Preferably, the second 
electron transfer agent is non-leachable, and more preferably immobilized on the electrode, to prevent unwanted leach- 
ing of the agent into the sample. This is accomplished, for example, by cross linking the second electron transfer agent 
with the redox mediator, thereby providing a sensing layer with non-leachable components. 

[0040] To prevent electrochemical reactions from occurring on portions of the working electrode not coated by the 
45 mediator, a dielectric 40 may be deposited on the electrode over, under, or surrounding the region with the bound redox 
mediator, as shown in Figure 4. Suitable dielectric materials include waxes and non-conducting organic polymers such 
as polyethylene. Dielectric 40 may also cover a portion of the redox mediator on the electrode. The covered portion of 
the mediator will not contact the sample, and, therefore, will not be a part of the electrode's working surface. 

so Counter Electrode 

[0041] Counter electrode 24 may be constructed in a manner similar to working electrode 22. Counter electrode 24 
may also be a counter/reference electrode. Alternatively, a separate reference electrode may be provided in contact 
with the sample chamber. Suitable materials for the counter/reference or reference electrode include Ag/AgCI printed 
55 on a non-conducting base material or silver chloride on a silver metal base. If the counter electrode is not a reference 
electrode, the same materials and methods may be used to make the counter electrode as are available for constructing 
the working electrode 22, however, no redox mediator is immobilized on the counter or counter/reference electrode 
24. A tab 25 may be provided on the electrode for convenient connection to the external electronics (not shown), such 
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as a coulometer or other measuring device. 

[0042] In one embodiment of the invention, working electrode 22 and counter electrode 24 are disposed opposite to 
and facing each other to form a facing electrode pair as depicted in Figures 1 and 3. In this preferred configuration, 
the sample chamber 26 is typically disposed between the two electrodes. For this facing electrode configuration, it is 
5 preferred that the electrodes are separated by a distance of less than about 0.2mm, preferably less than 0.1 mm, and 
most preferably less than 0.05 mm. 

[0043] The electrodes need not be directly opposing each other, they may be slightly offset. Furthermore, the two 
electrodes need not be the same size. Preferably, the counter electrode 24 is at least as large as the working surface 
of the working electrode 22. The counter electrode 22 can also be formed with tines in a comb shape. Other configuration 
10 of both the counter electrode and working electrode are within the scope of the invention. However, the separation 
distance between any portion of the working electrode and some portion of the counter electrode preferably does not 
exceed the limits specified hereinabove. 

[0044] • Figures 11 A, 11 B, and 11 C illustrate different embodiments of pairs of facing electrodes 22, 24, as described 
above. A region 21 of overlap between the two electrodes 22, 24 typically corresponds to the measurement zone in 

is which the sample will be interrogated. Each of the electrodes 22, 24 is a conducting surface and acts as a plate of a 
capacitor. The measurement zone between the electrodes 22, 24 acts as a dielectric layer between the plates. Thus, 
there is a capacitance between the two electrodes 22, 24. This capacitance is a function of the size of the overlapping 
electrodes 22, 24, the separation between the electrodes 22, 24, and the dielectric constant of the material between 
the electrodes 22,24. Thus, if the size of the region 21 of the overlapping electrodes 22, 24 and the dielectric constant 

20 of the material between the electrodes (e.g., air or a sorbent material) are known, then the separation between the 
electrodes can be calculated to determine the volume of the measurement zone. 

[0045] Figure 11 A illustrates one embodiment of the invention in which the electrodes 22, 24 are positioned in a 
facing arrangement. For the capacitance to be uniform among similarly constructed analyte sensors having this par- 
ticular sensor configuration, the registration (i.e., the positioning of the two electrodes relative to one another) should 
25 be uniform. If the position of either of the electrodes is shifted in the x-y plane from the position shown in Figure 11 A, 
the size of the overlap, and therefore, of the capacitance, will change. The same principle holds for the volume of the 
measurement zone. 

[0046] Figures 1 1 B and 1 1 C illustrate other embodiments of the invention with electrodes 22, 24 in a facing arrange- 
ment. In these particular arrangements, the position of either of the electrodes may be shifted, by at least some minimum 

30 distance, in the x-y plane relative to the other electrode without a change in the capacitance or the volume of the 
measurement zone. In these electrode arrangements, each electrode 22, 24 includes an arm 122, 124, respectively, 
which overlaps with the corresponding arm of the other electrode. The two arms 1 22, 124 are not parallel to each other 
(such as illustrated in Figure 1 1 A); rather, the arms 1 22, 1 24 are disposed at an angle 1 23, which is greater than zero, 
relative to each other. In addition, the two arms 122, 124 extend beyond the region 21 of overlap (i.e., each arm has 

35 extra length corresponding to the difference between the length of the arm 222, 224, respectively, and the width 121 
of the overlap 21). With these electrode arrangements, there can be a certain amount of allowed imprecision in the 
registration of the electrodes 22, 24 which does not change the capacitance of the electrode arrangement. A desired 
amount of allowed imprecision in the registration can be designed into the electrode arrangement by varying the angle 
1 23 at which the arms 1 22, 1 24 overlap and the size of the extra length of each arm 1 22, 1 24 relative to the width 1 21 
of the region 21 of overlap. Typically, the closer that the arms 122, 124 are to being perpendicular (i.e., angle 123 is 
90°), the greater the allowed imprecision. Also, the greater the extra length of each arm 122, 124 (which may both be 
the same length or different lengths) relative to the width 121 of the region 21 of overlap, the greater the allowed 
imprecision. Conversely, the greater the amount of allowed imprecision, the larger the size of the electrodes (for a 
given electrode width, thickness, and angle 123 of intersection with the other electrode). Thus, the minimum distance 

45 that one electrode can be shifted relative to the other is balanced against the amount of material needed for the elec- 
trodes. Typically, the angle 1 23 of intersection ranges from 5 to 90 degrees, preferably, 30 to 90 degrees, and more 
preferably 60 to 90 degrees. Typically, the ratio of the extra length of an arm 1 22, 124 (corresponding to the difference 
between the arm length 222, 224 and the width 121 of the region 21 of overlap) versus the width 121 of the region 21 
of overlap ranges from 0.1:1 to 50:1, preferably 1 :1 to 15:1, and more preferably 4:1 to 10:1 . 

50 [0047] In another embodiment of the invention, the two electrodes 22, 24 are copianar as shown in Figure 2. In this 
case, the sample chamber 26 is in contact with both electrodes and is bounded on the side opposite the electrodes 
by a non-conducting inert base 30. Suitable materials for the inert base include non-conducting materials such as 
polyester. 

[0048] Other configurations of the inventive sensors are also possible. For example, the two electrodes may be 
55 formed on surfaces that make an angle to each other. One such configuration would have the electrodes on surfaces 
that form a right angle. Another possible configuration has the electrodes on a curved surface such as the interior of 
a tube. The working and counter electrodes may be arranged so that they face each other from opposite sides of the 
tube. This is another example of a facing electrode pair. Alternatively, the electrodes may be placed near each other 
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on the tube wall (e.g. , one on top of the other or side-by-side). 

[0049] In any configuration, the two electrodes must be configured so that they do not make direct electrical contact 
with each other, to prevent shorting of the electrochemical sensor. This may be difficult to avoid when the facing elec- 
trodes having a short (less than about 10041m) distance between them. 
5 [0050] A spacer 28 can be used to keep the electrodes apart when the electrodes face each other as depicted in 
Figures 1 and 3. The spacer is typically constructed from an inert non-conducting material such as polyester, Mylar™, 
Kevlar™ or any other strong, thin polymer film, or, alternatively, a thin polymer film such as a Teflon™ film, chosen for 
its chemical inertness. In addition to preventing contact between the electrodes, the spacer 28 often functions as a 
portion of the boundary for the sample chamber 26 as shown in Figures 1-4. 

10 

Sample Chamber 

[0051] The sample chamber 26 is typically defined by a combination of the electrodes 22, 24, an inert base 30,' and 
a spacer 28 as shown in Figures 1-4. A measurement zone is contained within this sample chamber and is the region 

15 of the sample chamber that contains only that portion of the sample that is interrogated during the analyte assay. In 
the embodiment of the invention illustrated in Figures 1 and 2, sample chamber 26 is the space between the two 
electrodes 22, 24 and/or the inert base 30. In this embodiment, the sample chamber has a volume that is preferably 
less than about 1 \iL f more preferably less than about 0.5 uL, and most preferably less than about 0.2 uL. In the 
embodiment of the invention depicted in Figures 1 and 2, the measurement zone has a volume that is approximately 

20 equal to the volume of the sample chamber. 

[0052] In another embodiment of the invention, shown in Figure 3, sample chamber 26 includes much more space 
than the region proximate electrodes 22, 24. This configuration makes it possible to provide multiple electrodes in 
contact with one or more sample chambers, as shown in Figure 5. In this embodiment, sample chamber 26 is preferably 
sized to contain a volume of less than about 1 uX, more preferably less than about 0.5 uL, and most preferably less 

25 than about 0.2 uL. The measurement zone (i.e., the region containing the volume of sample to be interrogated) is 
generally sized to contain a volume of sample of less than about 1 uL, preferably less than about 0.5 uL, more preferably 
less than about 0.2 uL, and most preferably less than about 0.1 uL. One particularly useful configuration of this em- 
bodiment positions working electrode 22 and counter electrode 24 facing each other, as shown in Figure 3. In this 
embodiment, the measurement zone, corresponding to the region containing the portion of the sample which will be 

30 interrogated, is the portion of sample chamber 26 bounded by the working surface of the working electrode and disposed 
between the two facing electrodes. When the surface of the working electrode is not entirely covered by redox mediator, 
the measurement zone is the space between the two facing electrodes that has a surface area corresponding to the 
working surface (i.e., redox mediator-covered surface) of working electrode 22 and a thickness corresponding to the 
separation distance between working electrode 22 and counter electrode 24. 

35 [0053] In both of the embodiments discussed above, the thickness of the sample chamber and of the measurement 
zone correspond typically to the thickness of spacer 28 (e.g., the distance between the electrodes in Figures 1 and 3, 
or the distance between the electrodes and the inert base in Figure 2). Preferably, this thickness is small to promote 
rapid electrolysis of the analyte, as more of the sample will be in contact with the electrode surface for a given sample 
volume. In addition, a thin sample chamber helps to reduce errors from diffusion of analyte into the measurement zone 

40 from other portions of the sample chamber during the analyte assay, because diffusion time is long relative to the 
measurement time. Typically, the thickness of the sample chamber is less than about 0.2 mm. Preferably, the thickness 
of the sample chamber is less than about 0.1 mm and, more preferably, the thickness of the sample chamber is about 
0.05 mm or less. 

[0054] The sample chamber may be formed by other methods. Exemplary methods include embossing, indenting, 
45 or otherwise forming a recess in a substrate within which either the working electrode 22 or counter electrode 24 is 
formed. Figures 12A and 12B illustrate one embodiment of this structure. First, a conducting layer 100 is formed on 
an inert non-conducting base material 102. As described above, the conducting layer 100 can include gold, carbon, 
platinum, ruthenium dioxide, palladium, or other non-corroding materials. The inert non-conducting base material 102 
can be made using a polyester, other polymers, or other non-conducting, deformable materials. A recess 104 is.then 
50 formed in a region of the non-conducting base material 102 so that at least a portion of the conducting layer 100 is 
included in the recess. 104. The recess 104 may be formed using a variety of techniques including indenting, deforming, 
or otherwise pushing in the base material 1 02. One additional exemplary method for forming the recess includes em- 
bossing the base material 102. For example, the base material 102 may be brought into contact with an embossing 
roll or stamp having raised portions, such as punch members or channels, to form the recess 104. In some embodi- 
55 ments, the base material 102 may be heated to soften the material. 

[0055] The recess 104 may be circular, oval, rectangular, or any other regular or irregular shape. Alternatively, the 
recess 104 may be formed as a channel which extends along a portion of the base material 1 02. The conducting layer 
100 may extend along the entire channel or only a portion of the channel. The measurement zone may be restricted 
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to a particular region within the channel by, for example, depositing the sensing layer 32 on only that portion of the 
conducting layer 100 within the particular region of the channel. Alternatively, the measurement zone may be defined 
by placing a second electrode 107 over only the desired region of the first electrode 105. 

[0056] At least a portion, and in some cases, all, of the conducting layer 1 00 is situated in the recess 1 04. This portion 
5 . of the conducting layer 100 may act as a first electrode 105 (a counter electrode or, preferably, a working electrode). 
If the conducting layer 100 forms the working electrode, then a sensing layer 32 may be formed over a portion of the 
conducting layer 100 by depositing the non-leachable mediator and optional second electron transfer agent in the 
recess 104, as shown in Figure 12B. A second electrode 107 is then formed by depositing a second conducting layer 
on a second base material 106. This second electrode 107 is then positioned over the first electrode 105 in a facing 
10 arrangement. Although not illustrated, it will be understood that if the first electrode 1 05 were to function as a counter 
electrode, then the sensing layer 32 would be deposited on the second electrode 107 which would then function as 
the working electrode. 

[0057] In one embodiment, the second base material 1 08 rests on a portion of the first base material 1 02 and/or the 
conducing layer 100 which is not depressed, so that the second electrode 107 extends into the recess. In another 
15 embodiment, there is a spacer (not shown) between the first and second base materials 1 02, 1 08. In this embodiment, 
the second electrode 107 may or may not extend into the recess. In any case, the first and second electrodes 105, 
107 do not make contact, otherwise the two electrodes would be shorted. 

[0058] The depth of the recess 1 04 and the volume of the conductive layer 1 00, sensing layer 32, and the portion, 
if any, of the second electrode 107 in the recess 104 determines the volume of the measurement zone! Thus, the 
20 predictability of the volume of the measurement zone relies on the extent to which the formation of the recess 104 is 
uniform. 

[0059] In addition to the conducting layer 100, a sorbent layer 1 03, described in detail below, may be deposited on 
the base material 102 prior to forming the recess 104, as shown in Figure 14A. The sorbent material 103 may be 
indented, embossed, or otherwise deformed with the conducting layer 100 and base material 102, as shown in Figure 
25 14B. Alternatively, the sorbent material 103 may be deposited after the conducting layer 100 and base material 102 
are indented, embossed, or otherwise deformed to make the recess 104. 

[0060] In another exemplary method for forming the analyte sensor. A recess 114 in formed in a first base material 
112, as shown in Figures 13A and 13B. The recess may be formed by indenting, embossing, etching (e.g., using 
photolithographic methods or laser removal of a portion of the base material), or otherwise deforming or removing a 

30 portion of the base material 112. Then a first conducting layer 110 is formed in the recess 114. Any of the conductive 
materials discussed above may be used. A preferred material is a conductive ink, such as a conductive carbon ink 
available, for example , from Ercon, Inc. (Wareham, MA). The conductive ink typically contains metal or carbon dissolved 
or dispersed in a solvent or dispersant. When the solvent or dispersant is removed, the metal or carbon forms a con- 
ductive layer 110 that can then be used as a first electrode 115. A second electrode 117 can be formed on a second 

35 base material 1 1 6 and positioned over the recess 1 1 4, as described above. In some embodiments, a sensing layer 32 
is formed on the first electrode 115 to form a working electrode, as shown in Figure 13B. In other embodiments, the 
sensing layer 32 may be formed on the second electrode 117 to form a working electrode. Furthermore, a sorbent 
material (not shown) may be formed within the recess, for example, on the first electrode 115. 
[0061] A binder, such as a polyurethane resin, cellulose derivative, elastomer (e.g., silicones, polymeric dienes, or 

40 acrylonitrile-butadiene-styrene (ABS) resins), highly fluorinated polymers, or the like, may also be included in the con- 
ductive ink. Curing the binder may increase the conductivity of the conductive layer 110, however, curing is not nec- 
essary. The method of curing the binder may depend on the nature of the particular binder that is used. Some binders 
are cured by heat and/or ultraviolet light. 

[0062] These structures allow for the formation of electrochemical sensors in which the volume of the measurement 
45 zone depends, at least in part, on the accuracy and reproducibility of the recess 104. Embossing, laser etching, pho- 
tolithographic etching and other methods can be used to make reproducible recesses 104, even on the scale of 200 
urn or less. 

Sorbent Material 

50 

[0063] The sample chamber may be empty before the sample is placed in the chamber. Alternatively, the sample 
chamber may include a sorbent material 34 to sorb and hold a fluid sample during the measurement process. Suitable 
sorbent materials include polyester, nylon, cellulose, and cellulose derivatives such as nitrocellulose. The sorbent 
material facilitates the uptake of small volume samples by a wicking action which may complement or, preferably, 
55 replace any capillary action of the sample chamber. 

[0064] In some embodiments, the sorbent material is deposited using a liquid or slurry in which the sorbent material 
is dissolved or dispersed. The solvent or dispersant in the liquid or slurry may then be driven off by heating or evaporation 
processes. Suitable sorbent materials include, for example, cellulose or nylon powders dissolved or dispersed in a 
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suitable solvent or dispersant, such as water. The particular solvent or dlspersant should also be compatible with the 
material of the working electrode 22 (e.g., the solvent or dispersant should not dissolve the electrode.) 
[0065] One of the most important functions of the sorbent material is to reduce the volume of fluid needed to fill the 
sample chamber and corresponding measurement zone of the sensor. The actual volume of sample within the meas- 
urement zone is partially determined by the amount of void space within the sorbent material. Typically, suitable sorbents 
consist of about 5% to about 50% void space. Preferably, the sorbent material consists of about 10% to about 25% 
void space. 

[0066] The displacement of fluid by the sorbent material is advantageous. By addition of a sorbent, less sample is 
needed to fill sample chamber 26. This reduces the volume of sample that is required to obtain a measurement and 
also reduces the time required to electrolyze the sample. 

[0067] The sorbent material 34 may include a tab 33 which is made of the same material as the sorbent and which 
extends from the sensor, or from an opening in the sensor, so that a sample may be brought into contact with tab 33, 
sorbed by the tab, and conveyed into the sample chamber 26 by the wicking action of the sorbent material 34. This 
provides a preferred method for directing the sample into the sample chamber 26. For example, the sensor may be 
brought into contact with a region of an animal (including human) that has been pierced with a lancet to draw blood. 
The blood is brought in contact with tab 33 and drawn into sample chamber 26 by the wicking action of the sorbent 
34. The direct transfer of the sample to the sensor is especially important when the sample is very small, such as when 
the lancet is used to pierce a portion of the animal that is not heavily supplied with near-surface capillary vessels and 
furnishes a blood sample volume of less than 1 uL. 

[0068] Methods other than the wicking action of a sorbent may be used to transport the sample into the sample 
chamber or measurement zone. Examples of such means for transport include the application of pressure on a sample 
to push it into the sample chamber, the creation of a vacuum by a pump or other vacuum-producing means in the 
sample chamber to pull the sample into the chamber, capillary action due to interfacial tension of the sample with the 
walls of a thin sample chamber, as well as the wicking action of a sorbent material. 

[0069] The sensor can also be used in conjunction with a flowing sample stream. In this configuration, the sample 
stream is made to flow through a sample chamber. The flow is stopped periodically and the concentration of the analyte 
is determined by electrochemical method, such as coulometry. After the measurement, the flow is resumed,, thereby 
removing the sample from the sensor. Alternatively, sample may flow through the chamber at a very slow rate, such 
that all of the analyte is electrolyzed in transit, yielding a current dependent only upon analyte concentration and flow 
rate. 

[0070] Other filler materials may be used to fill the measurement zone and reduce the sample volume. For example, 
glass beads can be deposited in the measurement zone to occupy space. Preferably, these filler materials are hy- 
drophilic so that the body fluid can easily flow into the measurement zone. In some cases, such as glass beads with 
a high surface area, these filler materials may also wick the body fluid into the measurement zone due to their high 
surface area and hydrophilicity. 

[0071] The entire sensor assembly is held firmly together to ensure that the sample remains in contact with the 
electrodes and that the sample chamber and measurement zone maintain the same volume. This is an important 
consideration in the coulometric analysis of a sample, where measurement of a defined sample volume is needed. 
One method of holding the sensor together is depicted in Figures 1 and 2. Two plates 38 are provided at opposite ends 
of the sensor. These plates are typically constructed of non-conducting materials such as plastics. The plates are 
designed so that they can be held together with the sensor between the two plates. Suitable holding devices include 
adhesives, clamps, nuts and bolts, screws, and the like. 

Integrated Sample Acquisition and Analyte Measurement Device 

[0072] In a preferred embodiment of the invention, an analyte measurement device 52 constructed according to the 
principles of the present invention includes a sensor 20, as described hereinabove, combined with a sample acquisition 
means 50 to provide an integrated sampling and measurement device. The sample acquisition means 50 illustrated 
in Figure 6, includes, for example, a skin piercing member 54, such as a lancet, attached to a resilient deflectable strip 
56 (or other similar device, such as a spring) which may be pushed to inject the lancet into a patient's skin to cause 
blood flow. 

[0073] The resilient strip 56 is then released and the skin piercing member 54 retracts. Blood flowing from the area 
of skin pierced by member 54 can then be transported, for example, by the wicking action of sorbent material 34, into 
sensor 20 for analysis of the analyte. The analyte measurement device 52 may then be placed in a reader, not shown, 
which connects a coulometer or other electrochemical analysis equipment to the electrode tabs 23, 25 to determine 
the concentration of the analyte by electroanalytical means. 
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Operation of the Sensor 

[0074] An electrochemical sensor of the invention is operated in the following manner. A potential is applied across 
the working and counter electrodes. The magnitude of the required potential is dependent on the redox mediator. The 

5 . potential at an electrode where the analyte is electrolyzed is typically large enough to drive the electrochemical reaction 
to or near completion, but the magnitude of the potential is, preferably, not large enough to induce significant electro- 
chemical reaction of interferents, such as urate, ascorbate, and acetaminophen, that may affect the current measure- 
ments. Typically the potential is between about -150 mV and about +400 mV versus the standard calomel electrode 
(SCE). Preferably, the potential of the redox mediator is between about -100 mV and +100 mV and, more preferably, 

10 the potential is between about -50 mV and +50 mV. 

[0075] The potential may be applied either before or after the sample has been placed in the sample chamber. The 
potential is preferably applied after the sample has come to rest in the sample chamber to prevent electrolysis of sample 
passing through the measurement zone as the sample chamber is filling. When the potential is applied and the sample 
is in the measurement zone, an electrical current will flow between the working electrode and the counter electrode. 

15 The current is a result of the electrolysis of the analyte in the sample. This electrochemical reaction occurs via the 
redox mediator and the optional second electron transfer agent. For many biomolecules, B, the process is described 
by the following reaction equations: 



nA^x) + B > nA(red) + C (1) 



25 nA(red) -> nA(ox) + ne* (2) 

Biochemical B is oxidized to C by redox mediator species A in the presence of an appropriate enzyme. Then the redox 
mediator A is oxidized at the electrode. Electrons are collected by the electrode and the resulting current is measured. 
[0076] As an example, one sensor of the present invention is based on the reaction of a glucose molecule with two 

30 non-leachable ferricyanide anions in the presence of glucose oxidase to produce two non-leachable ferrocyanide an- 
ions, two protons and gluconolactone. The amount of glucose present is assayed by electrooxidizing the non-leachable 
ferrocyanide anions to non-leachable ferricyanide anions and measuring the total charge passed. 
[0077] Those skilled in the art will recognize that there are many different reaction mechanisms that will achieve the 
same result; namely the electrolysis of an analyte through a reaction pathway incorporating a redox mediator. Equations 

35 (1) and (2) are a non-limiting example of such a reaction. 

[0078] In a preferred embodiment of the invention, coulometry is used to determine the concentration of the analyte. 
This measurement technique utilizes current measurements obtained at intervals over the course of the assay, to 
determine analyte concentration. These current measurements are integrated over time to obtain the amount of charge, 
Q, passed to or from the electrode. Q is then used to calculate the concentration of the analyte by the following equation: 

40 

[analyte] = Q/nFV (3) 

where n is the number of electron equivalents required to electrolyze the analyte, F is Faraday's constant (approximately 
45 96,500 coulombs per equivalent), and V is the volume of sample in the measurement zone. 

[0079] In one embodiment of the invention, the analyte is completely or nearly completely electrolyzed. The charge 
is then calculated from current measurements made during the electrochemical reaction and the concentration of the 
analyte is determined using equation (3). The completion of the electrochemical reaction is typically signaled when the 
current reaches a steady-state value. This indicates that all or nearly all of the analyte has been electrolyzed. For this 
50 type of measurement, at least 90% of the analyte is typically electrolyzed, preferably, at least 95% of the analyte is 
electrolyzed and, more preferably, at least 99% of the analyte is electrolyzed. 

[0080] For this method it is desirable that the analyte be electrolyzed quickly. The speed of the electrochemical 
reaction depends on several factors, including the potential that is applied between the electrodes and the kinetics of 
reactions (1) and (2). (Other significant factors include the size of the measurement zone and the presence of sorbent 
55 in the measurement zone.) In general, the larger the potential, the larger the current through the cell (up to a transport 
limited maximum) and therefore, the faster the reaction will typically occur. However, if the potential is too large, other 
electrochemical reactions may introduce significant error in the measurement. Typically, the potential between the 
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electrodes as well as the specific redox mediator and optional second electron transfer agent are chosen so that the 
analyte will be almost completely electrolyzed in less than 5 minutes, based on the expected concentration of the 
analyte in the sample. Preferably; the analyte will be almost completely electrolyzed within about 2 minutes and, more 
preferably, within about 1 minute. 

[0081] In another embodiment of the invention, the analyte is only partially electrolyzed. The current is measured 
during the partial reaction and then extrapolated using mathematical techniques known to those skilled in the art to 
determine the current curve for the complete or nearly complete electrolysis of the analyte. Integration of this curve 
yields the amount of charge that would be passed if the analyte were completely or nearly completely electrolyzed 
and, using equation (3), the concentration of the analyte is calculated. 

[0082] The above described methods are based on coulometric analyses, due to the advantages of coulometric 
measurements, as described hereinbelow. However, those skilled in the art will recognize that a sensor of the invention 
may also utilize potentiometric, amperometric, voltammetric, and other electrochemical techniques to determine the 
concentration of an analyte in a sample. There are, however, disadvantages to using some of these techniques. The 
measurements obtained by these non-coulometric methods are not temperature independent as the current and po- 
tential obtained by the electrolysis of an analyte on an electrode is very sensitive to sample temperature. This presents 
a problem for the calibration of a sensor which will be used to measure bioanalytes and other samples at unknown or 
variable temperatures. 

[0083] In addition, the measurements obtained by these non-coulometric electrochemical techniques are sensitive 
to the amount of enzyme provided in the sensor. If the enzyme deactivates or decays over time, the resulting meas- 
urements will be affected. This will limit the shelf life of such sensors unless the enzyme is very stable. 
[0084] Finally, the measurements obtained by non-coulometric electrochemical techniques such as amperometry 
will be negatively affected if a substantial portion of the analyte is electrolyzed during the measurement period. An 
accurate steady-state measurement can not be obtained unless there is sufficient analyte so that only a relatively small 
portion of the analyte is electrolyzed during the measurement process. 

[0085] The electrochemical technique of coulometry overcomes these problems. Coulometry is a method for deter- 
mining the amount of charge passed or projected to pass during complete or nearly complete electrolysis of the analyte. 
One coulometric technique involves electrolyzing the analyte on a working electrode and measuring the resulting cur- 
rent between the working electrode and a counter electrode at two or more times during the electrolysis. The electrolysis 
is complete when the current reaches a steady state. The charge used to electrolyze the sample is then calculated by 
integrating the measured currents over time. Because the charge is directly related to the amount of analyte in the 
sample there is no temperature dependence of the measurement. In addition, the activity of the redox mediator does 
not affect the value of the measurement, but only the time required to obtain the measurement (i.e., less active redox 
mediator requires a longer time to achieve complete electrolysis of the sample) so that decay of the mediator over time 
will not render the analyte concentration determination inaccurate. And finally, the depletion of the analyte in the sample 
by electrolysis is not a source of error, but rather the objective of the technique. (However, the analyte need not be 
completely electrolyzed if the electrolysis curve is extrapolated from the partial electrolysis curve based on well-known 
electrochemical principles.) 

[0086] For coulometry to be an effective measurement technique for determining the concentration of an analyte in 
a sample, it is necessary to accurately determine the volume of the measured sample. Unfortunately, the volume of 
the sample in the measurement zone of a small volume sensor (i.e., less than one microliter) may be difficult to accu- 
rately determine because the manufacturing tolerances of one or more dimensions of the measurement zone may 
have significant variances. 

Air-oxidizable Redox Mediators 

[0087] Another source of error in a coulometric sensor is the presence of electrochemical reactions other than those 
associated with the analyte. In a sensor having a redox mediator, a potential source of measurement error is the 
presence of redox mediator in an unknown mixed oxidation state (i.e., mediator not reproducibly in a known oxidation 
state). Redox mediator will then be electrolyzed at the electrode, not in response to the presence of an analyte, but 
simply due to its initial oxidation state. Referring to equations (1) and (2), current not attributable to the oxidation of 
biochemical B will flow due to oxidation of a portion of a redox mediator, A, that is in its reduced form prior to the addition 
of the sample. Thus, it is important to know the oxidation state of the analyte prior to introduction of the sample into 
the sensor. Furthermore, it is desirable that all or nearly all of the redox mediator be in a single oxidation state prior to 
the introduction of the sample into the sensor. 

[0088] Each redox mediator has a reduced form or state and an oxidized form or state. In one aspect of the invention, 
it is preferred that the amount of redox mediator in the reduced form prior to the introduction of sample be significantly 
smaller than the expected amount of analyte in a sample in order to avoid a significant background contribution to the 
measured current. In this embodiment of the invention, the molar amount of redox mediator in the reduced form prior 
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to the introduction of the analyte is preferably less than, on a stoichiometric basis, about 10%, and more preferably 
less than about 5%, and most preferably less than 1%, of the molar amount of analyte for expected analyte concen- 
trations. (The molar amounts of analyte and redox mediator should be compared based on the stoichiometry of the 
applicable redox reaction so that if two moles of redox mediator are needed to electrolyze one mole of analyte, then 

5 the molar amount of redox mediator in the reduced form prior to introduction of the analyte is preferably less than 20% 
and more preferably less than about 10% and most preferably less than about 2% of the molar amount of analyte for 
expected analyte concentrations.) Methods for controlling the amount of reduced mediator are discussed below. 
[0089] In another aspect of the invention, it is preferred that the relative ratio of oxidized redox mediator to reduced 
redox mediator prior to introduction of the sample in the sensor be relatively constant between similarly constructed 

10 sensors. The degree of variation in this ratio between similarly constructed sensors will negatively affect the use of a 
calibration curve to account for the reduced mediator, as significant variations between sensors will make the calibration 
less reliable. For this aspect of the invention, the percentage of the redox mediator in the reduced form prior to intro- 
duction of the sample in the sensor varies by less than about 20% and preferably less than about 1 0% between similarly 
constructed sensors. 

15 [0090] One method of controlling the amount of reduced redox mediator prior to the introduction of the sample in the 
sensor is to provide an oxidizer to oxidize the reduced form of the mediator. One of the most convenient oxidizers is 
0 2 . Oxygen is usually readily available to perform this oxidizing function. Oxygen can be supplied by exposing the 
sensor to air. In addition, most polymers and fluids absorb 0 2 from the air unless special precautions are taken. Typically, 
at least 90% of an air-oxidizable (i.e., 0 2 oxidizable) mediator is in the oxidized state upon storage or exposure to air 

20 for a useful period of time, e.g., one month or less, and preferably, one week or less, and, more preferably, one day or 
less. 

[0091] Suitable mediators which are both air-oxidizable (i.e., 0 2 -oxidizable) and have electron transfer capabilities 
have been described hereinabove. One particular family of useful mediators are osmium complexes which are coor- 
dinated or bound to ligands with one or more nitrogen-containing heterocycles. In particular, osmium complexed with 

25 mono-, di-, and polyalkoxy-2,2'-bipyridine or mono-, di-, and polyalkoxy-1 ,1 0-phenanthroline, where the alkoxy groups 
have a carbon to oxygen ratio sufficient to retain solubility in water, are airoxidizable. These osmium complexes typ- 
ically have two substituted bipyridine or substituted phenanthroline ligands, the two ligands not necessarily being iden- 
tical. These osmium complexes are further complexed with a polymeric ligand with one or more nitrogen-containing 
heterocycles, such as pyridine and imidazole. Preferred polymeric ligands include poly(4-vinyl pyridine) and, more 

30 preferably, poly(1 -vinyl imidazole) or copolymers thereof. Os[4,4'-dimethoxy-2,2'-bipyridine^CI +/+2 complexed with a 
poly(1 -vinyl imidazole) or poly(4-vinyl pyridine) has been shown to be particularly useful as the Os +2 cation is oxidizable 
by 0 2 to Os +3 . Similar results are expected for complexes of Os[4,7-dimethoxy-1 ,1 0-phenanthrolinefeCl"' y+2 and other 
mono-, di-, and polyalkoxy bipyridines and phenanthrolines, with the same polymers. 

[0092] A complication associated with air-oxidizable mediators arises if the air oxidation of the redox mediator is so 

35 fast that a substantial portion of the analyte-reduced redox mediator is oxidized by 0 2 during an analyte assay. This 
will result in an inaccurate assay as the amount of analyte will be underestimated because the mediator will be oxidized 
by the oxidizer rather than by electrooxidation at the electrode. Thus, it is preferred that the reaction of the redox 
mediator with 0 2 proceeds more slowly than the electrooxidation of the mediator. Typically, less than 5%, and preferably 
less than 1%, of the reduced mediator should be oxidized by the oxidizer during an assay. 

40 [0093] The reaction rate of the air oxidation of the mediator can be controlled through choice of an appropriate 
complexing polymer. For example, the oxidation reaction is much faster for Os[4,4 , -dimethoxy-2,2 , -bipyridineJ 2 Cl +/+2 
coordinatively coupled to poly(1 -vinyl imidazole) than for the same Os complex coupled to poly(4-vinyl pyridine). The 
choice of an appropriate polymer will depend on the expected analyte concentration and the potential applied between 
the electrodes, both of which determine the rate of the electrochemical reaction. 

45 [0094] Thus, in one embodiment of the invention, the preferred redox mediator has the following characteristics: 1) 
the mediator does not react with any molecules in the sample or in the sensor other than the analyte (optionally, via a 
second electron transfer agent); 2) nearly all of the redox mediator is oxidized by an oxidizer such as 0 2 prior to 
introduction of the sample in the sensor; and 3) the oxidation of the redox mediator by the oxidizer is slow compared 
to the electrooxidation of the mediator by the electrode. 

50 [0095] Alternatively, if the redox mediator is to be oxidized in the presence of the analyte and electroreduced at the 
electrode, a reducer rather than an oxidizer would be required. The same considerations for the appropriate choice of 
reducer and mediator apply as described hereinabove for the oxidizer. 

[0096] The use of stable air-oxidizable redox mediators in the electrochemical sensors of the invention provides an 
additional advantage during storage and packaging. Sensors of the invention which include air oxidizable redox me- 
ss diators can be packaged in an atmosphere containing molecular oxygen and stored for long periods of time, e.g., 
greater than one month, while maintaining more than 80% and preferably more than 90% of the redox species in the 
oxidized state. 
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Optica! Sensors 

[0097] The air-oxidizable redox species of the present invention can be used in other types of sensors. The osmium 
complexes described hereinabove are suitable for use in optical sensors, due to the difference in the absorption spectra 
and fluorescence characteristics of the complexed Os +2 and Os +3 species. Absorption, transmission, reflection, or 
fluorescence measurements of the redox species will correlate with the amount of anatyte in the sample (after reaction 
between an analyte and the redox species, either directly, or via a second electron transfer agent such as an enzyme). 
In this configuration, the molar amount of redox mediator should be greater, on a stoichiometric basis, than the molar 
amount of analyte reasonably expected to fill the measurement zone of the sensor. 

[0098] Standard optical sensors, including light-guiding optical fiber sensors, and measurement techniques can be 
adapted for use with the air-oxidizable mediators For example, the optical sensors of the invention may include a light- 
transmitting or light reflecting support on which the air-oxidizable redox species, and preferably an analyte-responsive 
enzyme, is coated to form a film. The support film forms one boundary for the measurement zone in which the sample 
is placed. The other boundaries of the measurement zone are determined by the configuration of the cell. Upon filling 
the measurement zone with an analyte-containing sample, reduction of the air-oxidizable mediator by the analyte, 
preferably via reaction with the analyte-responsive enzyme, causes a shift in the mediator's oxidation state that is 
detected by a change in the light transmission, absorption, or reflection spectra or in the fluorescence of the mediator 
at one or more wavelengths of light. 

Multiple Electrode Sensors and Calibration 

[0099] Multiple electrode sensors may be used for a variety of reasons. For example, multiple electrode sensors 
may be used to test a variety of analytes using a single sample. One embodiment of a multiple electrode sensor has 
one or more sample chambers which in turn may contain one or more working electrodes 22 with each working electrode 
22 defining a different measurement zone. One or more of the working electrodes have the appropriate chemical 
reagents, for example, an appropriate enzyme, to test a first analyte and one or more of the remaining working elec- 
trodes have appropriate chemical reagents to test a second analyte. For example, a multiple electrode sensor might 
include 1) one or more working electrodes having glucose oxidase in the sensing layer to determine glucose concen- 
tration and 2) one or more working electrodes having lactate oxidase in the sensing layer to determine lactate concen- 
tration. Other combinations are also possible. 

[0100] Multiple electrode sensors may also be used to improve the precision of the resulting readings. The meas- 
urements from each of the working electrodes (all or which are detecting the same analyte) can be averaged together 
to obtain a more precise reading. In some cases, measurements may be rejected if the difference between the value 
and the average exceeds a threshold limit. This threshold limit may be, for example, determined based on a statistical 
parameter, such as the standard deviation of the averaged measurements. The average may then be recalculated 
while omitting the rejected values. Furthermore, subsequent readings from an electrode that produced a rejected value 
may be ignored in later tests if it is assumed that the particular electrode is faulty. Alternatively, a particular electrode 
may be rejected only after having a predetermined number of readings rejected based on the readings from the other 
electrodes. 

[0101] In addition to using multiple electrode sensors to increase precision, multiple measurements may be made 
at each electrode and averaged together to increase precision. This technique may also be used with a single electrode 
sensor to increase precision. 

[0102] Errors in assays may occur when mass produced sensor are used because of variations in the volume of the 
measurement zone of the sensors. Two of the three dimensions of the measurement zone, the length and the width, 
are usually relatively large, between about 1-5 mm. Electrodes of such dimensions can be readily produced with a 
variance of 2% or less. The submicroliter measurement zone volume requires, however, that the third dimension be 
smaller than the length or width by one or two order of magnitude. As mentioned hereinabove, the thickness of the 
sample chamber is typically between about 0.1 and about 0.01 mm. Manufacturing variances in the thickness may be 
as large or larger than the desired thickness. Therefore, it is desirable that a method be provided to accommodate for 
this uncertainty in the volume of sample within the measurement zone. 

[0103] In one embodiment of the invention, depicted in Figure 5, multiple working electrodes 42, 44, 46 are provided, 
on a base material 48. These electrodes are covered by another base, not shown, which has counter electrodes, not 
shown, disposed upon it to provide multiple facing electrode pairs. The variance in the separation distance between 
the working electrode and the counter electrode among the electrode pairs on a given sensor. is significantly reduced, 
because the working electrodes and counter electrodes are each provided on a single base with the same spacer 28 
between each electrode pair (see Figure 3). 

[0104] One example of a multiple electrode sensor that can be used to accurately determine the volume of the 
measurement zones of the electrode pairs and also useful in reducing noise is presented herein. In this example, one 
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of the working electrodes 42 is prepared with a non-leachable redox mediator and a non-leachable second electron 
transfer agent (e.g., an enzyme). Sorbent material may be disposed between that working electrode 42 and its corre- 
sponding counter electrode. Another working electrode 44 includes non-leachable redox mediator, but no second elec- 
tron transfer agent on the electrode. Again, this second electrode pair may have sorbent material between the working 
5 electrode 44 and the corresponding counter electrode. An optional third working electrode 46 has no redox mediator 
and no second electron transfer agent bound to the electrode, nor is there sorbent material between the working 
electrode 46 and its corresponding counter electrode. 

[0105] The thickness of the sample chamber can be determined by measuring the capacitance, preferably in the 
absence of any fluid, between electrode 46 (or any of the other electrodes 42, 44 in the absence of sorbent material) 

10 and its corresponding counter electrode. The capacitance of an electrode pair depends on the surface area of the 
electrodes, the interelectrode spacing, and the dielectric constant of the material between the plates. The dielectric 
constant of air is unity which typically means that the capacitance of this electrode configuration is a few picofarads 
(or about 1 00 picofarads if there is fluid between the electrode and counter electrode given that the dielectric constant 
for most biological fluids is approximately 75). Thus, since the surface area of the electrodes are known, measurement 

is of the capacitance of the electrode pair allows for the determination of the thickness of the measurement zone to within 
about 1 -5%. 

[0106] The amount of void volume in the sorbent material, can be determined by measuring the capacitance between 
electrode 44 (which has no second electron transfer agent) and its associated counter electrode, both before and after 
fluid is added. Upon adding fluid, the capacitance increases markedly since the fluid has a much larger dielectric 

20 constant. Measuring the capacitance both with and without fluid allows the determination of the spacing between the 
electrodes and the void volume in the sorbent, and thus the volume of the fluid in the reaction zone. 
[0107] The sensor error caused by redox mediator in a non-uniform oxidation state prior to the introduction of the 
sample can be measured by concurrently electrolyzing the sample in the measurement zones that are proximate elec- 
trodes 42 and 44. At electrode 42, the analyte is electrolyzed to provide the sample signal. At electrode 44, the analyte 

25 is not electrolyzed because of the absence of the second electron transfer agent (assuming that a second electron 
transfer agent is necessary). However, a small charge will pass (and a small current will flow) due to the electrolysis 
of the redox mediator that was in a mixed oxidation state (i.e., some redox centers in the reduced state and some in 
the oxidized state) prior to the introduction of the sample. The small charge passed between the electrodes in this 
second electrode pair can be subtracted from the charge passed between the first electrode pair to substantially remove 

30 the error due to the oxidation state of the redox mediator. This procedure also reduces the error associated with other 
electrolyzed interferents, such as ascorbate, urate, and acetaminophen, as well as errors associated with capacitive 
charging and faradaic currents. 

[0108] Other electrode configurations can also use these techniques (i.e., capacitance measurements and coulom- 
etric measurements in the absence of a critical component) to reduce background noise and error due to interferents 
35 and imprecise knowledge of the volume of the interrogated sample. Protocols involving one or more electrode pairs 
and one or more of the measurements described above can be developed and are within the scope of the invention. 
For example, only one electrode pair is needed for the capacitance measurements, however, additional electrode pairs 
may be used for convenience. 

40 EXAMPLES 

[01 09] The invention will be further characterized by the following examples. These examples are not meant to limit 
the scope of the invention which has been fully set forth in the foregoing description. Variations within the concepts of 
the invention are apparent to those skilled in the art. 

45 

Example 1 

Preparation of a Small Volume in vitro Sensor for the Determination of Glucose Concentration 

so [01 10] A sensor was constructed corresponding to the embodiment of the invention depicted in Figure 1 . The working 
electrode was constructed on a Mylar™ film (DuPont), the Mylar™ film having a thickness of 0. 1 75 mm and a diameter 
of about 2.5 cm. An approximately 12 micron thick carbon pad having a diameter of about 1 cm was screen printed on 
the Mylar™ film. The carbon electrode was overlaid with a water-insoluble dielectric insulator (Insulayer) having a 
thickness of 12 urn, and a 4 mm diameter opening in the center. 

55 [01 1 1] The center of the carbon electrode, which was not covered by the dielectric, was coated with a redox mediator. 
The redox mediator was formed by complexing poly(1 -vinyl imidazole) with Os(4,4 , -dimethoxy-2,2'-bipyridine) 2 CI 2 fol- 
lowed by cross-linking glucose oxidase with the osmium polymer using polyethylene glycol diglycidyl ether as described 
in Taylor, et a!., J. Electroanal. Chem. y 396:511 (1995). The ratio of osmium to imidazole functionalities in the redox 
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mediator was approximately 1:15. The mediator was deposited on the working electrode in a layer having a thickness 
of 0.6 urn and a diameter of 4 mm. The coverage of the mediator on the electrode was about 60 fig/cm 2 (dry weight). 
A spacer material was placed on the electrode surrounding the mediator-covered surface of the electrode. The spacer 
was made of poly(tetrafluoroethylene) (PTFE) and had a thickness of about 0.040 mm. 

[0112] A sorbent material was placed in contact with the mediator-covered surface of the working electrode. The 
sorbent was made of nylon (Tetko Nitex nylon 3-10/2) and had a diameter of 5 mm, a thickness of 0.045 mm, and a 
void volume of about 20%. The volume of sample in the measurement zone was calculated from the dimensions and 
characteristics of the sorbent and the electrode. The measurement zone had a diameter of 4 mm (the diameter of the 
mediator covered surface of the electrode) and a thickness of 0.045 mm (thickness of the nylon sorbent) to give a 
volume of 0.57 nL Of this space, about 80% was filled with nylon and the other 20% was void space within the nylon 
sorbent. this resulting volume of sample within the measurement zone was about 0.11 

[0113] A counter/reference electrode was placed in contact with the spacer and the side of the sorbent opposite to 
the working electrode so that the two electrodes were facing each other. The counter/reference electrode was con- 
structed on a Mylar™ film having a thickness of 0.175 mm and a diameter of about 2.5 cm onto which a 12 micron 
thick layer of silver/silver chloride having a diameter of about 1 cm was screen printed. 

[0114] The electrodes, sorbent, and spacer were pressed together using plates on either side of the electrode as- 
sembly. The plates were formed of polycarbonate plastic and were securely clamped to keep the sensor together. The 
electrodes were stored in air for 48 hours prior to use. 

[01 1 5] Tabs extended from both the working electrode and the counter/reference electrode and provided for an elec- 
trical contact with the analyzing equipment. A potentiostat was used to apply a potential difference of +200mV between 
the working and counter/reference electrodes, with the working electrode being the anode. There was no current flow 
between the electrodes in the absence of sample, which was expected, as no conductive path between the electrodes 
was present. 

[0116] The sample was introduced via a small tab of nylon sorbent material formed as an extension from the nylon 
sorbent in the sample chamber. Liquid was wicked into the sorbent when contact was made between the sample and 
the sorbent tab. As the sample chamber filled and the sample made contact with the electrodes, current flowed between 
the electrodes. When glucose molecule's in the sample came in contact with the glucose oxidase on the working elec- 
trode, the glucose molecules were electrooxidized to gluconolactone. The osmium redox centers in the redox mediator 
then reoxidized the glucose oxidase. The osmium centers were in turn reoxidized by reaction with the working electrode. 
This provided a current which was measured and simultaneously integrated by a coulometer. (EG&G Princeton Applied 
Research Model #173) 

[0117] The electrochemical reaction continued until the current reached a steady state value which indicated that 
greater than 95% of the glucose had been electroreduced. The current curve obtained by measurement of the current 
at specific intervals was integrated to determine the amount of charge passed during the electrochemical reaction. 
These charges were then plotted versus the known glucose concentration to produce a calibration curve. 
[0118] The sensor was tested using 0.5 \iL aliquots of solutions containing known concentrations of glucose in a 
buffer of artificial cerebrospinal fluid or in a control serum (Baxter-Dade, Monitrol Level 1 , Miami, FL) in the range of 3 
to 20 mM glucose. The artificial cerebrospinal fluid was prepared as a mixture of the following salts: 126 mM NaCI, 
27.5 mM NaHC0 3 , 2.4 mM KCI, 0.5 mM KH 2 P0 4 , 1 .1 mM CaCI 2 -2H 2 0, and 0.5 mM Na 2 S0 4 . 
[01 1 9] The results of the analyses are shown in Table 1 and in Figure 7. In Table 1 , Q avg is the average charge used 
to electrolyze the glucose in 3-6 identical test samples (Figure 7 graphs the charge for each of the test samples) and 
the 90% rise time corresponds to the amount of time required for 90% of the glucose to be electrolyzed. The data show 
a sensor precision of 1 0- 20%, indicating adequate sensitivity of the sensor for low glucose concentrations, as well as 
in the physiologically relevant range (30 ng/dL - 600 ng/dL). 
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TABLE 1 

Sensor Results Using Glucose Oxidase 

5 ; 



10 
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. -:90% .rise time- . 

.-..vv^v-- 


buffer only 


4 


9.9 ± 1.8 


13 ± 6 


3 mM glucose/buffer 


5 


17.8± 3.5 


19± 5 


6 mM glucose/buffer 


4 


49.4 ± 4.9 


25 ± 3 


10 mM glucose/buffer 


6 


96.1 ± 12.4 


36 ±17 


15 mM glucose/buffer 


5 


205.2 ±75.7 


56±23 


20 mM glucose/buffer 


4 


255.7 ±41.0 


62 ±17 










4.2 mM glucose/serum 


3 


44.2 ± 4.3 


44± 3 


15.8 mM glucose/serum 


3 


218.2 ±57.5 


72±21 



[0120] The average measured values of glucose concentration were fit by one or more equations to provide a cali- 
30 bration curve. Figure 8 shows the calibration curves for the glucose/buffer data of Table 1 . One of the 1 5.0 mM glucose 
measurements was omitted from these calculations because it was more than two standard deviations away from the 
average of the measurements. The higher glucose concentrations (10-20 mM) were fit by a linear equation. The lower 
glucose concentrations were fit by a second order polynomial. 

[0121] Figure 9 shows the data of Table 1 plotted on an error grid developed by Clarke, et al. Diabetes Care, 5, 
35 622-27, 1 987; for the determination of the outcome of errors based on inaccurate glucose concentration determination. 
The graph plots "true" glucose concentration vs. measured glucose concentration, where the measured glucose con- 
centration is determined by calculating a glucose concentration using the calibration curves of figure 8 for each data 
point of figure 7. Points in zone A are accurate, those in zone B are clinically acceptable, and those in zones C, D, and 
E lead to increasingly inappropriate and finally dangerous treatments. 
40 [0122] There were 34 data points. Of those data points 91 % fell in zone A, 6% in zone B, and 3 % in zone C. Only 
one reading was determined to be in zone C. This reading was off-scale and is not shown in figure 9. Thus, 97% of 
the readings fell in the clinically acceptable zones A and B. 

[0123] The total number of Os atoms was determined by reducing all of the Os and then electrooxidizing it with a 
glucose-free buffer in the sample chamber. This resulted in a charge of 59.6 ± 5.4 uC! Comparison of this result with 
45 the glucose-free buffer result in Table 1 indicated that less than 20% of the Os is in the reduced form prior to introduction 
of the sample. The variability in the quantity of osmium in the reduced state is less than 5% of the total quantity of 
osmium present. 

Example 2 

50 

Response of the Glucose Sensor to Interferents 

[0124] A sensor constructed in the same manner as described above for Example 1 was used to determine the 
sensor's response to interferents. The primary electrochemical interferents for blood glucose measurements are ascor- 
55 bate, acetaminophen, and urate. The normal physiological or therapeutic (in the case of acetaminophen) concentration 
ranges of these common interferents are: 

ascorbate: 0.034 - 0.114 mM 
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acetaminophen: 0.066 - 0.200 mM 
urate (adult male): 0.27 - 0.47 mM 

Tietz, in: Textbook of Clinical Chemistry, C. A. Burtisand E.R. Ashwood, eds., W.B. Saunders Co., Philadelphia 1994, 
5 pp. 2210-12. 

[01 25] Buffered glucose-free interferent solutions were tested with concentrations of the interf erents at the high end 
of the physiological or therapeutic ranges listed above. Ttie injected sample volume in each case was 0.5 uL A potential 
of +1 00 mV or +200 mV was applied between the electrodes. The average charge (Q avg ) was calculated by subtracting 
an average background current obtained from a buffer-only (i.e., interfe rent-free) solution from an average signal re- 
10 corded with interferents present. The resulting average charge was compared with the signals from Table 1 for 4 mM 
and 1 0 mM glucose concentrations to determine the percent error that would result from the interferent. 



TABLE 2 

Interferent Response of Glucose Sensors 
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0.2 mM acetaminophen 


100 
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<1% 


<1% 


0.2 mM acetaminophen 


200 


4 


1.0 


5% 


1% 














0.47 mM urate 


100 


4 


6.0 


30% 


7% 


0.47 mM urate 


200 


4 


18.0 


90% 


21% 



40 

[0126] These results indicated that ascorbate and acetaminophen were not significant interferents for the glucose 
sensor configuration, especially for low potential measurements. However, urate provided significant interference. This 
interference can be minimized by calibrating the sensor response to a urate concentration of 0.37 mM, e.g., by sub- 
45 trading an appropriate amount of charge as determined by extrapolation from these results from all glucose measure- 
ments of the sensor. The resulting error due to a 0.10 mM variation in urate concentration (the range of urate concen- 
tration is 0.27 - 0.47 in an adult male) would be about 6% at 4 mM glucose and 100mV. 

Example 3 

50 

Sensor with Glucose Dehydrogenase 

[01 27] A sensor similar to that described for Example 1 was prepared and used for this example, except that glucose 
oxidase was replaced by pyrroloquinoline quinone glucose dehydrogenase and a potential of only +1 00 mV was applied 
55 as opposed to the +200 mV potential in Example 1 . The results are presented in Table 3 below and graphed in Fig. 1 0. 
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TABLE 3 

Sensor Results Using Glucose Dehydrogenase 

5 
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buffer 


4 


21.7 ± 5.2 


14±3 


3 mM glucose/buffer 


4 


96.9 ±15.0 


24±6 


6 mM glucose/buffer 


4 


190.6 ±18.4 


26±6 


10 mM glucose/buffer 


4 


327.8 ±69.3 


42±9 



[0128] The results indicated that the charge obtained from the glucose dehydrogenase sensor was much larger than 
for the comparable glucose oxidase sensor, especially for low concentrations of glucose. For 4 mM glucose concen- 
20 trations the measurements obtained by the two sensors differed by a factor of five. In addition, the glucose dehydro- 
genase sensor operated at a lower potential, thereby reducing the effects of interferent reactions. 
[0129] In addition, the results from Table 3 were all fit by a linear calibration curve as opposed to the results in 
Example 1, as shown in Fig. 10. A single linear calibration curve is greatly preferred to simplify sensor construction 
and operation. 

25 [0130] Also, assuming that the interferent results from Table 2 are applicable for this sensor, all of the interferents 
would introduce an error of less than 7% for a 3 mM glucose solution at a potential of 100 mV. 

Example 4 

30 Determination of Lactate Concentration in a Fluid Stream 

[0131] The sensor of this Example was constructed using a flow cell (Bio Analytical Systems, Inc. # MF-1025) with 
a glassy carbon electrode. A redox mediator was coated on the electrode of the flow cell to provide a working electrode. 
In this case, the redox mediator was a polymer formed by complexing poly(1 -vinyl imidazole) with Os(4,4'-dimethyl- 

35 2,2'-bipyridine) 2 CI 2 with a ratio of 1 osmium for every 15 imidazole functionalities. Lactate oxidase was cross-linked 
with the polymer via polyethylene glycol diglycidyl ether. The mediator was coated onto the electrode with a coverage 
of 500 ng/cm 2 and a thickness of 5 urn. The mediator was covered by a polycarbonate track-etched membrane (Os- 
monics-Poretics #10550) to improve adherence in the flow stream. The membrane was then overlaid by a single 50 
urn thick spacer gasket (BioAnalytical Systems, Inc. #MF-1062) containing a void which defined the sample chamber 

40 and corresponding measurement zone. Assembly of the sensor was completed by attachment of a cell block (BioAn- 
alytical Systems, Inc. #MF-1005) containing the reference and auxiliary electrodes of the flow cell. 
[01 32] The sample chamber in this case corresponded to a 50 urn thick cylinder (the thickness of the spacer gasket) 
in contact with a mediator-coated electrode having a surface area of 0.031 cm 2 . The calculated volume of sample in 
the measurement zone of this sensor was approximately 0.16 nL. 

45 [0133] The flow rate of the fluid stream was 5 nL/min. A standard three electrode potentiostat was attached to the 
. cell leads and a potential of +200 mV was applied between the redox mediator-coated glassy carbon electrode and 
the reference electrode. This potential was sufficient to drive the enzyme-mediated oxidation of lactate. 
[0134] As the fluid stream flowed through the sensor, a steady-state current proportional to the lactate concentration 
was measured. At periodic intervals. the fluid flow was stopped and current was allowed to flow between the electrodes 

50 until approximately all of the lactate in the measurement zone was electrooxidized, as indicated by the achievement 
of a stabilized, steady-state current. The total charge, Q, required for lactate electrooxidation was found by integration 
of the differential current registered from the flow stoppage until the current reached a steady-state. The concentration 
was then calculated by the following equation: 

[lactate] = Q/2FV (4) 
where V is the volume of sample within the measurement zone and F is Faraday's constant. 
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[0135] This assay was performed using lactate solutions having nominal lactate concentrations of 1.0, 5.0, and 10.0 
mM. The measured concentrations for the assay were 1.9, 5.4, and 8.9 mM respectively. 

Example 5 

Determination of the Oxidation State of Os(4,4 , -dimethoxy-2,2 , -bipyridine) 2 Cl w+2 Compiexed with poly(1 -vinyl 
imidazole) 

[0136] A sensor having, a three electrode design was commercially obtained from Ecossensors Ltd., Long Hanbor- 
ough, England, under the model name "large area disposable electrode*. The sensor contained parallel and coplanar 
working, reference and counter electrodes. The working surface area (0.2 cm 2 ) and counter electrodes were formed 
of printed carbon and the reference electrode was formed of printed Ag/AgCI. A redox mediator was coated on the 
carbon working electrode. The redox mediator was formed by complexation of poly(1 -vinyl imidazole) with Os(4,4'- 
dimethoxy-2,2'-bipyridine) 2 CI 2 in a ratio of 15 imidazole groups per Os cation followed by cross linking the osmium 
polymer with glucose oxidase using polyethylene glycol diglycidyl ether 

[01 37] The electrode was cured at room temperature for 24 hours. The coplanar electrode array was then immersed 
in a buffered electrolyte solution, and a potential of +200 mV (sufficient for conversion of Os(ll) to Os(lll),) was applied 
between the working electrode and the reference electrode. 

[0138] Upon application of the potential, an undetectable charge of less than 1 uC was passed. Subsequent reduction 
and reoxidation of the redox mediator yielded a charge for conversion of all Os from Os(ll) to Os(lll) of 65 ^C. Therefore, 
more than 98% of the Os cations in the redox mediator were in the desired oxidized Os(lll) state. 

Example 6 

Determination of the Oxidation State of the Os(4,4 -dimethoxy-2,2 , -bipyridine) 2 Cl w+2 Compiexed with poly 
(4-vinyl pyridine) 

[01 39] A similar experiment to that of Example 5 was conducted with the same working/counter/reference electrode 
configuration except that the redox mediator on the working electrode was changed to a complex of Os(4,4'-dimethoxy- 
2,2 , -bipyridine) 2 CI 2 with poly(4-vinyl pyridine), with 12 pyridine groups per Os cation, cross linked with glucose oxidase 
via polyethylene glycol diglycidyl ether. 

[0140] Two sensors were constructed. The electrodes of the two sensors were cured at room temperature for 24 
hours. The electrodes were then immersed in a buffered electrolyte solution and a potential of +200 mV was applied 
between the working and reference electrodes. 

[0141] Upon application of the potential to the electrodes, a charge of 2.5 \xC and 3.8 uC was passed in the two 
sensors, respectively. Subsequent reduction and reoxidation of the redox mediators yielded oxidation charges of 27.9 
uC and 28.0 ^iC, respectively. Therefore, the sensors originally contained 91% and 86% of the Os cations in the de- 
sirable oxidized Os(l 1 1) state. 

Example 7 

Optical Sensor 

[0142] An optical sensor is constructed by applying a film of redox polymer with crosslinked enzyme onto a light- 
transparent support.such as a glass slide. The quantity of redox mediator is equal to or greater than (in a stoichiometric 
sense) the maximum quantity of analyte expected to fill the measurement zone. The spacer material, sorbent and 
facing support are securely clamped. The sample chamber is adapted to transmit light through the assembled sensor 
to an optical density detector or to a fluorescence detector. As sample fills the sample chamber and the redox mediator 
is oxidized, changes in the absorption, transmission, reflection or fluorescence of the redox mediator in the chamber 
are correlated to the amount of glucose in the sample. 

Example 8 

Blood Volumes from Upper Arm Lancet Sticks 

[0143] The forearm of a single individual was pierced with a lancet multiple times in order to determine the repro- 
ducibility of blood volumes obtained by this method. Despite more than thirty lancet sticks in the anterior portion of 
each forearm and the dorsal region of the left forearm, the individual identified each stick as virtually painless. 
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[0144] The forearm was pierced with a Payless Color Lancet. The blood from each stick was collected using a 1 uL 
capillary tube, and the volume was determined by measuring the length of the blood column. The volumes obtained 
from each stick are shown below in Table 4. 



Table 4 



w 



15 



20 



25 



30 



35 



40 



45 



50 



55 



Volume of Lancet Sticks 




Left Anterior Forearm, (nL) 


Right Anterior Forearm, (nL) 


Left Dorsal Forparm (r\\J\ 
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180 


190 


180 
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250 


180 


300 
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170 


120 
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150 


100 
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100 


210 


60 
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50 


140 


380 
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90 


120 


220 
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130 


140 


200 
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120 


100 


380 


10 




100 


320 


11 






260 


12 






250 


13 






280 


14 






260 


Avg. 


138±58nL 


140±40nL 


264 ± 83 nL 



[0145] The invention has been described with reference to various specific and preferred embodiments and tech- 
niques. However, it will be apparent to one of ordinarily skill in the art that many variations and modifications may be 
made while remaining within the scope of the invention. 

Claims 

/ 

1. An electrochemical sensor for determining the concentration of an analyte in a sample, the sensor comprising; 

at least one working electrode (22) ; 
at least one counter electrode (24) ; 

which electrodes, in use, are connected to external electronics of a measuring device; 
at least one sample chamber (26), wherein the at least one sample chamber is 

(i) a sample chamber for holding the sample in electrolytic contact with the working electrode and sized 
to contain no more than about 1u1 of sample; or 

(ii) a sample chamber comprising at least one measurement zone sized to contain no more than about 
1 ul of sample, wherein the measurement zone is bounded on at least two sides by the working and counter 
electrodes; 

said sensor containing a non-leachable redox mediator on the working electrode; 
and 

said sensor optionally containing a sorbent material (34) disposed at least partially within the sample chamber 
or at least partially within the measurement zone. 

2. The sensor of claim 1, wherein the working electrode and the counter electrode comprise metal or carbon, and 
the sensor includes the non-leachable redox mediator on the working electrode. 
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3. The sensor of claim 2, wherein the sensor further comprises a second electron transfer agent, preferably an enzyme 
such as glucose oxidase, on the working electrode, wherein the second transfer agent is optionally immobilized 
on the working electrode and/or is optionally non-leachable. 

5 4. The sensor of claim 1 , wherein the working electrode and the counter electrode comprise metal or carbon, and 
the sensor includes the sorbent material disposed at least partially within the sample chamber or at least partially 
within the measurement zone. 

5. The sensor of any of claims I through 4, wherein the sample chamber or, the measurement zone, is sized to contain 
w no more than about 0.5 uL, preferably no more than about 0.2 uL, preferably no more than about 0.1 uL of sample. 

6. The sensor of any of claims 1 through 5, wherein the redox mediator is immobilized on the working electrode. 

7. The sensor of any of claims 1 through 6, wherein the redox mediator is an air-oxidizable redox mediator, preferably 
15 with at least 90% of the air-oxidizable redox mediator in an oxidized state prior to introduction of sample. 

8. The sensor of any of claims 1 through 7, wherein the redox mediator comprises a transition metal complex, such 
as an osmium, ruthenium, iron, or cobalt complex; and preferably is osmium complexed with at least one ligand 
having a nitrogen-containing heterocycle, such as 2,2-bipyridine, 4,4 , -dimethyl-2,2 , -bipyridine, 4,4 , -dialkoxy-2,2'- 

20 bipyridine, 1,10-phenanthroline, 4,7-dimethyl-1,10-phenanthroline, 4,7-dialkoxy-1,10-phenanthroline, or deriva- 

tives thereof. 

9. The sensor of claim 8, wherein the ligand having a nitrogen-containing heterocycle comprises 2,2'-bipyridine, 
1,10-phenanthroline, or a derivative thereof; such as a mono-, di-, or polyalkoxy derivative of 2,2'-bipyridine or 

25 1 ,1 0-phenanthroline, wherein the carbon to oxygen ratio of the alkoxy functional groups is sufficient to retain sol- 

ubility of the transition metal complex in water prior to crosslinking. 

10. The sensor of claim 8 or 9, wherein the carbon to oxygen ratio of the alkoxy functional groups is sufficient to retain 
solubility of the transition metal complex in water prior to crosslinking. 

30 \ 

11. The sensor of any of claims I through 10, wherein the sorbent material has a void volume of about 5% to 50%, 
preferably about 10% to 25%, of the total volume of the sorbent material. 

12. The sensor of any of claims 1 through 11, wherein the sensor further comprises one or more additional working 
35 electrodes. 

13. The sensor of any of claims 1 through -1 2, wherein at least one working electrode and at least one counter electrode 
form at least one facing electrode pair, optionally wherein each pair is responsive to a specific analyte. 

40 14. The sensor of claim 13, wherein the working electrode and counter electrode have a separation distance of no 
more than about 0.2 mm, or no more than about 0.1 mm, or no more than about 0.05 mm. 

15. The sensor of claim 13, wherein at least one facing electrode pair comprises a working electrode including non- 
leachable enzyme and redox mediator, and wherein at least one other facing electrode pair comprises a working 

45 electrode including non-leachable redox mediator in the absence of the enzyme. 

16. The sensor of claim 15, further comprising a third electrode (46) pair having no redox mediator or enzyme on the 
working electrode. 

so 17. The sensor of any of claims 1 through 16, wherein the working electrode comprises a first arm (122) and the 
counter electrode comprises a second arm (124), a portion of the first arm overlapping a portion of the second 
arm, wherein the measurement zone or, the sample chamber, comprises a region (21) between the overlapping 
portions of the first and second arms. 

55 18. The sensor of claim 1 7, wherein the first arm has an extra length and the overlapping portion of the first arm has 
a width, wherein a ratio of the extra length of the first arm to the width of the overlapping portion of the first arm 
ranges from 0.1:1 to 50:1, preferably from 1:1 to 15:1, and more preferably from 4:1 to 10:1. 
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19. The sensor of claim 18, wherein the first and second arms intersect at an angle greater than 0 degrees. 

20. The sensor of any of claims 1 through 19, wherein the sorbent material comprises a powdered material disposed 
on the working electrode. 

21. The sensor of claim 13, wherein the at least one.facing electrode pair comprises a base material (102) having a 
recess (104) and at least one of the working electrode and the counter electrode disposed in the recess. 

22. The sensor of any of claims 1 through 21 , further comprising a filler material, preferably a hydrophilic filler material, 
wherein the filler material is disposed in the measurement zone or in the sample chamber, to decrease a volume 
of the measurement zone or the sample chamber available for the sample. 

23. The sensor of claims 1 through 22, wherein the sensor produces a signal in a buffer solution containing 10 mM 
glucose that is at least 9 times greater than a signal produced in a buffer solution with no glucose. 

24. A method for determining a concentration of an analyte in a sample, comprising contacting the sample with the 
electrochemical sensor of any of claims 1 through 23, and determining the concentration of the analyte in the 
sample by oculometry. 

25. The method of claim 24, wherein the contacting step is performed by contacting the sample with the sorbent 
material to wick the sample into the sample chamber or the measurement zone. 

26. The method of claim 24, wherein the sample chamber fills by capillary action. 

27. The method of claim 24, wherein the step of determining the concentration of the analyte comprises: 

electrolyzing at least 90% of analyte present in the measurement zone by applying a potential across the 
working and counter electrodes, preferably in less than about 5 minutes, and more preferably in less than 
about 1 minute; 

determining an electrical charge used to electrolyze the analyte; and 

correlating the electrical charge with the concentration of the analyte in the sample; 

wherein the determining step is optionally performed by the following steps: 

measuring a current generated at the working electrode at two or more times as the analyte is electrolyzed; 
and 

integrating the measured currents over time to obtain the electrical charge used to electrolyze the analyte. 

28. The method of claim 24, wherein the step of determining the concentration of the analyte by coulometry comprises 
the steps of: 

electrolyzing a portion of the analyte by applying a potential across the working and the counter electrode; 
measuring a current generated at the working electrode at two or more times during the electrolysis; 
extrapolating a current curve based on the measured currents; 

integrating the current curve over time to obtain an electrical charge necessary to electrolyze at least 90% of 
the analyte; and 

correlating the electrical charge with the concentration of the analyte in the sample. 

29. The method of claim 24 wherein the electrochemical sensor comprises first and second electrode pairs, each pair 
comprising a working electrode, wherein said first electrode pair includes a non-leachable redox mediator and a 
non-leachable enzyme on the working electrode, and wherein said second electrode pair includes non-leachable 
redox mediator on the working electrode in the absence of enzyme. 

30. The method of claim 29, wherein the step of determining the concentration of analyte comprises the steps of: 

measuring substantially simultaneously, and at two or more times, a first current generated at the first electrode 
pair and a second current generated at the second electrode pair; 
integrating the measured first currents over time to obtain a first charge; 
integrating the measured second currents over time to obtain a second charge; 
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subtracting the second charge from the first charge to obtain a noise-reduced charge; and 
correlating the concentration of the analyte to the noise-reduced charge. 

31 . The method of claim 24, the method comprising, prior to the contacting and determining steps, the further steps of: 

5 

providing the electrochemical sensor of any of claims 1 through 23, wherein the sensor has one or more facing 
electrode pairs, each electrode pair comprising a working electrode, a counter electrode, and a measurement 
zone between the working electrode and the counter electrode; 
measuring a capacitance of at least one of the electrode pairs; and 
10 calculating the volume of the measurement zone from the capacitance measurement. 

32. The method of claim 24, wherein the sensor includes a redox mediator on the working electrode, and the molar 
amount of redox mediator in a reduced form prior to introduction of the. sample is less than, on a stoichiometric 
basis, 5% of the expected molar amount of the analyte to be electrolyzed; and wherein the step of determining 

15 the concentration of analyte comprises 

electrolyzing less than about 1 \iL of sample. 

33. The method of claim 32, wherein the sensor comprises at least two working electrodes, each working electrode 
having an associated measurement zone, and wherein the step of determining the concentration of the analyte 

20 comprises averaging measurements from the at least two working electrodes, and optionally further comprises 

eliminating measurements which exceed a threshold value, and optionally further comprises reaveraging the meas- 
urements without the eliminated measurements. 

34. An analyte measurement system comprising: 

25 

sample acquisition means, preferably a skin-piercing member (54), such as a lancet, for producing a patient 
sample; 

the electrochemical sensor of any one of claims 1 through 23; and 

optionally a transport means, such as a wicking material, a capillary chamber, a sorbent material or a pump, 
so for transporting the sample produced by the sample acquisition means to the sample chamber or the meas- 

urement zone. 

35. The system of claim 34 wherein the skin piercing member is integral with the sensor. 
35 36. A method for measuring analyte in a patient sample, the method comprising: 

contacting the patient with an analyte measuring system, the system comprising: 

sample acquisition means for producing a patient sample; and 
4 o the electrochemical sensor of any of claims 1 through 23, for measuring analyte in the sample; 

acquiring a sample using the sample acquisition means; 

transporting a portion of the sample to the measurement zone or sample chamber of the electrochemical 
sensor, wherein the transporting step optionally comprising wicking the sample into the measurement zone 
45 or sampler chamber using the sorbent material; and 

determining the concentration of the analyte in the sample by coulometry. 

37. The method of claim 36, which the sample acquisition means is integral with the sensor. 

so 38. The method of claims 36 or 37, wherein the sample acquisition means comprises a skin-piercing member, such 
as a lancet, and the step of acquiring a sample comprises piercing the patient's skin at a location other than at a 
finger of the patient to produce a sample. 

39. A method of determining a concentration of an analyte in a sample, the method comprising steps of: 

55 

connecting the electrodes of an electrochemical sensor comprising a working electrode, a counter electrode, 
and a sample chamber for holding the sample in electrolytic contact with the working electrode and counter 
electrode, to external electronics of a measuring device; 
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contacting the sample with the sensor; 

holding the sample within the sample chamber in a non-flowing manner; 

applying a potential between the working and counter electrodes to electrolyze the analyte in a portion of the 
sample within the sample chamber, wherein the portion of the sample in which the analyte is electrolyzed has 
5 a volume of less than 1 nL; 

measuring current generated by the electrochemical sensor at a plurality of times while the analyte in the 
portion of the sample is being electrolyzed; and 

determining, by coulometry, a concentration of the analyte in the sample using the measured currents. 

10 40. The sensor of claim 7, wherein the sensor further comprises a second electron transfer agent, such as an enzyme, 
coated on the support and in contact with the redox mediator, wherein the second electron transfer agent is op- 
tionally immobilized on the support. 

41. A method for determining a concentration of an analyte in a sample, comprising the steps of: 

15 ' 

contacting the sample with the sensor of claim 7 or claim 40; and 

correlating the concentration of the analyte in the sample to a change in oxidation state of the redox mediator 
in the presence of analyte. 

20 42. The method of claim 41 , wherein the sensor comprises an optical sensor, and the step of correlating the concen- 
tration of the analyte comprises: 

irradiating the redox mediator with light; 

measuring the response of the redox mediator to irradiation by light; and 
25 correlating the concentration of the analyte to the measured response of the redox mediator. 

43. The method of claim 42, wherein the step of measuring the response of the redox mediator to irradiation by light 
comprises measuring the absorption, or the transmittance, of the irradiated light by the redox mediator. 

30 44. The method of claim 42, wherein the step of measuring the response of the redox mediator to irradiation by light 
comprises measuring the fluorescence of the redox mediator after irradiation by light, or measuring the reflection 
of light by the redox mediator. 

45. The method of claim 41 , wherein the sensor comprising an electrochemical sensor, and the step of correlating the 
35 concentration of the analyte comprises: 

applying an electrical potential across the redox mediator; 

measuring a current at one or more intervals, the current being generated in response to the electrolysis of 
the redox mediator in the presence of the analyte; and 
40 correlating the concentration of the analyte to the measured current. 

46. The method of claim 41 , wherein the redox mediator comprises a transition metal complex, such as an osmium 
complex, and preferably, osmium complexed with at least one ligand having a nitrogen-containing heterocycle, 
such as 2,2'-bipyridine, 1,10-phenanthroline, or a derivative thereof, preferably a mono-, di-, or polyalkoxy deriv- 
es ative of 2,2*-bipyridine or 1,10-phenanthroline, and more preferably comprises 4,4 , -dialkoxy-2,2'-bipyridine or 

4, 7-dialkoxy- 1,10-phenanthroline, wherein the carbon to oxygen ratio of the alkoxy functional groups is sufficient 
to retain solubility of the transition metal complex in water prior to crosslinking. 

47. The method of claim 46, wherein the nitrogen-containing heterocycle comprises 4,4'-dimethoxy-2,2'-bipyridine or 
so 4,7-dimethoxy-1,10-phenanthroline. 

48. The method of claim 46, wherein the osmium complex comprises osmium complexed with a polymeric ligand, 
wherein the .polymeric ligand comprises a nitrogen-containing heterocycle. 

55 49. The method of claim 48, wherein the polymer comprises poly(4-vinyl pyridine) or poly (1 -vinyl imidazole). 

50. The method of claim 49, wherein the redox mediator comprises Os[4,4 , -dimethoxy-2,2'-bipyridine] 2 CI +/+2 or Os 
[4,7-dimethoxy-1,10-phenanthrolinefeCr +/+2 complexed with poly(1 -vinyl imidazole). 
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51. The sensor of claim 7, wherein a portion of the air-oxidizable redox mediator is oxidized when packaging the 
analytical sensor in an atmosphere containing molecular oxygen. 

52. The method of claim 50, wherein greater than 90% of the redox mediator is in an oxidized state after being stored 
for more than one month. 

53. An analyte measurement system comprising: 

a. a sensor of any of the claims 1 -23, 40, and 51 ; and 

b. a coulometer operatively connected to the sensor and configured to measure the cumulative electrical 
charge flowing through the sensor. 



Patentanspruche 

1. Elektrochemischer Sensor zur Bestimmung der Konzentration eines Analyten in einer Probe, wobei der Sensor 
aufweist: 

wenigstens eine Arbeitselektrode (22); 
wenigstens eine Gegenelektrode (24); 

wobei die Elektroden, im Gebrauch, mit einer externen Elektronik einer MeBvorrichtung verbunden sind; 
wenigstens eine Probenkammer (26), wobei die wenigstens eine Probenkammer 

(i) eine Probenkammer ist, die die Probe in elektrolytischem Kontakt mit der Arbeitselektrode halt und so 
bemessen ist, daG sie nicht mehr als etwa 1 ut der Probe enthalt; Oder 

(ii) eine Probenkammer ist, die wenigstens eine MeBzone aufweist, die so bemessen ist, daft sie nicht mehr 
als etwa Probe enthalt, wobei die MeBzone.auf wenigstens zwei Seiten von der Arbeits- und der Gegen- 
elektrode begrenzt ist; 

wobei der Sensor einen nicht auslaugbaren Redoxmediator auf der Arbeitselektrode enthalt; und 
wobei der Sensor gegebenenfalls ein Sorbensmaterial (34) enthalt, das wenigstens teilweise innerhalb der 
Probenkammer Oder wenigstens teilweise innerhalb der MeBzone angeordnet ist. 

2. Sensor nach Anspruch 1 , bei dem die Arbeitselektrode und die Gegenelektrode Metall oder Kohlenstoff umfassen, 
und der Sensor den nicht auslaugbaren Redoxmediator auf der Arbeitselektrode enthalt. 

3. Sensor nach Anspruch 2, wobei der Sensor auBerdem ein zweites Elektronenubertragungsmittel, vorzugsweise 
ein Enzym, wie beispielsweise Glucoseoxidase, auf der Arbeitselektrode aufweist, wobei daszweite Ubertragungs- 
mittel gegebenenfalls auf der Arbeitselektrode immobilisiert ist und/oder gegebenenfalls nicht auslaugbar ist. 

4. Sensor nach Anspruch 1 , wobei die Arbeitselektrode und die Gegenelektrode Metall oder Kohlenstoff umfassen, 
und der Sensor das Sorbensmaterial einschlieBt, das wenigstens teilweise innerhalb der Probenkammer oder 
wenigstens teilweise innerhalb der MeBzone angeordnet ist. 

5. Sensor nach irgendeinem der Anspruche 1 bis 4, wobei die Probenkammer oder die MeBzone so bemessen ist, 
daB sie nicht mehr als etwa 0,5 ul, vorzugsweise nicht mehr als etwa 0,2 ul, vorzugsweise nicht mehr als etwa 0,1 
ul der Probe enthalt. 

6. Sensor nach irgendeinem der Anspruche 1 bis 5, wobei der Redoxmediator auf der Arbeitselektrode immobilisiert 
ist. 

7. Sensor nach irgendeinem der Anspruche 1 bis 6, wobei der Redoxmediator ein luftoxidierbarer Redoxmediator ist, 
wobei vorzugsweise wenigstens 90% des luftoxidierbaren Redoxmediators vor der Einfuhrung der Probe in einerri 
oxidierten Zustand vorliegt. 

8. Sensor nach irgendeinem der Anspruche 1 bis 7, wobei der Redoxmediator einen Obergangsmetallkomplex um- 
faBt, wie beispielsweise einen Osmium-, Ruthenium-, Eisen- oder Cobaltkomplex, und vorzugsweise Osmium ist, 
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das mit wenigstens einem Liganden mit einem stickstoffhaltigen Heterocyclus komplexiert ist, wie beispielsweise 
mit 2,2'-Bipyridin, 4,4'-Dimethyl-2,2M)ipyridin, 4,4 , -Dialkoxy-2,2'-bipyridin, 1,10-Phenanthrolin, 4,7-Dimethyl- 
1,10-phenanthrolin, 4,7-Dialkoxy-1,10-phenanthrolin Oder Derivaten davon. 

9. Sensor nach Anspruch 8, wobei der Ligand mit einem stickstoffhaltigen Heterocyclus 2 ? 2 , -Bipyridin 1 1 ,10-phenan- 
throlin oder ein Derivat davon umfaBt, wie beispielsweise ein Mono- t Di- Oder Polyalkoxyderivat von 2,2-Bipyridin 
Oder 1 ,10-Phenanthrolin, wobei das Verhaltnis von Kohlenstoff zu Sauerstoff der funktionellen Alkoxygruppe aus- 
reicht, die Loslichkeit des Obergangsmetallkomplexes in Wasser vor dem Vernetzen zu gewahrleisten. 

10. Sensor nach Anspruch 8 oder 9, wobei das Verhaltnis von Kohlenstoff zu Sauerstoff der funktionellen Alkoxygrup- 
pen ausreicht, die Loslichkeit des Obergangsmetallkomplexes in Wasser vor dem Vernetzen zu gewahrleisten. 

11. Sensor nach irgendeinem der Anspruche 1 bis 10, wobei das Sorbensmaterial ein freies Volumen von etwa 5% 
bis 50%, vorzugsweise von etwa 10% bis 25% des Gesamtvolumens des Sorbensmaterials aufweist. 

12. Sensor nach irgendeinem der Anspruche 1 bis 11, wobei der Sensor auBerdem eine oder mehrere zusatzliche 
Arbeitselektroden aufweist. 

13. Sensor nach irgendeinem der Anspruche 1 bis 12, wobei wenigstens eine Arbeitselektrode und wenigstens eine 
Gegenelektrode wenigstens ein einander gegenuberliegendes Elektrodenpaar bilden, wobei gegebenenfalls jedes 
Paar auf einen spezifischen Analyten anspricht 

14. Sensor nach Anspruch 13, wobei die Arbeitselektrode und die Gegenelektrode durch einen Abstand von nicht 
mehr als etwa 0,2 mm, Oder nicht mehr als etwa 0,1 mm, oder nicht mehr als etwa 0,05 mm voneinander getrennt 
sind. 

1 5. Sensor nach Anspruch 1 3, wobei wenigstens ein Paar sich gegenuberliegender Elektroden eine Arbeitselektrode 
umfaBt, die ein nicht auslaugbares Enzym und einen Redoxmediator aufweist, und worin wenigstens ein anderes 
Paar von sich gegenuberliegenden Elektroden eine Arbeitselektrode umfaBt, die einen nicht auslaugbaren Re- 
doxmediator in Abwesenheit des Enzyms enthalt. 

1 6. Sensor nach Anspruch 1 5, der auBerdem ein drittes Elektrodenpaar (46) aufweist, bei dem auf der Arbeitselektrode 
kein Redoxmediator oder Enzym vorhanden ist. 

17. Sensor nach irgendeinem der Anspruche 1 bis 16, wobei die Arbeitselektrode einen ersten Arm (122) und die 
Gegenelektrode einen zweiten Arm (124) aufweisen, wobei ein Teil des ersten Arms einen Abschnitt des zweiten 
Arms uberlappt, wobei die MeBzone Oder die Probenkammer einen Bereich (21) zwischen den uberlappenden . 
Abschnitten des ersten Arms und des zweiten Arms umfassen. 

18. Sensor nach Anspruch 17, wobei der erste Arm eine Extralange aufweist und der uberlappende Abschnitt des 
ersten Arms eine Breite aufweist, wobei ein Verhaltnis der Extralange des ersten Arms zu der Breite des uberlap- 
penden Abschnitts des ersten Arms im Bereich von 0,1:1 zu 50:1, vorzugsweise von 1:1 bis 15:1 und besonders 
bevorzugt von 4:1 bis 10:1 betragt. 

19. Sensor nach Anspruch 18, wobei die ersten und zweiten Arme sich unter einem Winkel von mehr als 0 Grad 
uberschneiden. 

20. Sensor nach irgendeinem der Anspruche 1 bis 1 9, wobei das Sorbensmaterial ein pulverformiges Material umfaBt, 
das auf der Arbeitselektrode angeordnet ist. 

21. Sensor nach Anspruch 1 3, wobei das wenigstens eine Paar sich gegenuberliegender Elektroden ein Basismaterial 
(1 02) mit einer Ausnehmung (1 04) umfaBt und wenigstens eine von der Arbeitselektrode und der Gegenelektrode 
in der Ausnehmung angeordnet ist. 

22. Sensor nach irgendeinem der Anspruche 1 bis 21 , der auBerdem ein Fullstoffmaterial aufweist, vorzugsweise ein 
hydrophiles Fullstoffmaterial, wobei das Fullstoffmaterial in der MeBzone oder in der Probenkammer angeordnet 
ist, urn ein Volumen der MeBzone oder der Probenkammer zu verringern, das fur die Probe zur Verfugung steht. 



26 



EP0 958 495 B1 



23. Sensor nach den Anspruchen 1 bis 22, wobei der Sensor in einer Pufferlosung, die 10 mM Glucose enthalt, ein 
Signal erzeugt, das wenigstens 9 mal groBer ist als ein Signal, das in einer Pufferlosung ohne Glucose erzeugt wird. 

24. Verfahren zur Bestimmung einer Konzentration eines Analyten in einer Probe, das das Inkontaktbringen der Probe 

5 mit dem elektrochemischen Sensor nach irgendeinem der Anspruche 1 bis 23 und die Bestimmung der Konzen- 
tration des Analyten in der Probe mittels Coulometrie umfaBt. 

25. Verfahren nach Anspruch 24, wobei die Stufe des Inkontaktbringens dadurch durchgefuhrt wird, daB man die 
Probe mit dem Sorbensmaterial in Kontakt bringt, urn die Probe in die Probenkammer oder MeBzone einzusaugen. 

10 

26. Verfahren nach Anspruch 24, wobei die Probenkammer durch Kapillarwirkung gefullt wird. 

27. Verfahren nach Anspruch 24, wobei der Schritt der Bestimmung der Konzentration des Analyten umfaBt: 

15 Elektrolysieren von wenigstens 90% des Analyten, der in einer MeBzone vorhanden ist, dadurch, daB man 

ein Potential zwischen der Arbeits- und der Gegenelektrode anlegt, und zwar vorzugsweise in weniger als 
etwa 5 Minuten, und starker bevorzugt in weniger als etwa 1 Minute; 
Bestimmen einer elektrischen Ladung, die zur Elektrolyse des Analyten gebraucht wird; und 
Korrelieren der elektrischen Ladung mit der Konzentration des Analyten in der Probe, 

20 

wobei die Bestimmungsstufe gegebenenfalls mit den folgenden Stufen durchgefuhrt wird: 

Messen eines Stroms, der an der Arbeitselektrode erzeugt wird, zu zwei oder mehr Zeitpunkten, wahrend der 
Analyt elektrolysiert wird; und 

25 Integrieren der gemessenen Strdme uber die Zeit, urn die elektrische Ladung zu erhalten, die fur die Elektrolyse 

des Analyten gebraucht wird. 

28. Verfahren nach Anspruch 24, wobei die Stufe der Bestimmung der Konzentration des Analyten durch Coulometrie 
die Schritte umfaBt: 

30 

Elektrolysieren eines Teils eines Analyten dadurch, daB man ein Potential an die Arbeitselektrode und Ge- 
genelektrode anlegt; 

Messen eines Stroms, der an der Arbeitselektrode erzeugt wird, zu zwei oder mehr Zeitpunkten wahrend der 
Elektrolyse; 

6 Extrapolieren einer Stromkurve auf der Basis der gemessenen Strdme; 

Integrieren der Stromkurve uber die Zeit, urn eine elektrische Ladung zu erhalten, die erfordertich ist, urn 
wenigstens 90% des Analyten zu elektrolysieren; und 

Korrelieren der elektrischen Ladung mit der Konzentration des Analyten in der Probe. 

40 29. Verfahren nach Anspruch 24, wobei der elektrochemische Sensor erste und zweite Elektrodenpaare aufweist, 
wobei jedes Paar eine Arbeitselektrode umfaBt, wobei das erste der Elektrodenpaare einen nicht auslaugbaren 
Redoxmediator und ein nicht auslaugbares Enzym auf der Arbeitselektrode aufweist, und wobei das zweite der 
Elektrodenpaare einen nicht auslaugbaren Redoxmediator in Abwesenheit von Enzym auf der Arbeitselektrode 
aufweist. 

45 

30. Verfahren nach Anspruch 29, wobei die Stufe der Bestimmung der Konzentration des Analyten die Schritte umfaBt: 

im wesentlichen gleichzeitig, und zu zwei oder mehr Zeitpunkten, Messen eines ersten Stroms, der an dem 
ersten Elektrodenpaar erzeugt wird, sowie eines zweiten Stroms, der an dem zweiten Elektrodenpaar erzeugt 
50 wird; 

Integrieren der gemessenen ersten Strome uber die Zeit, urn eine erste Ladung zu erhalten; 
Integrieren der gemessenen zweiten Strome uber die Zeit, urn eine zweite Ladung zu erhalten; 
Abziehen der zweiten Ladung von der ersten Ladung, urn eine rauschverminderte Ladung zu erhalten; und 
Korrelieren der Konzentration des Anafyten mit der rauschverminderten Ladung. 

55 

31. Verfahren nach Anspruch 24, wobei das Verfahren, vor den Stufen des Inkontaktbringens und Bestimmens, die 
weiteren Stufen umfaBt: 
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Bereitstelien des elektrochemischen Sensors nach irgendeinem der Anspruche 1 bis 25, wobei der Sensor 
eines oder mehrere Paare von sich gegenuberliegenden Elektroden aufweist, wobei jedes Elektrodenpaar 
eine Arbeitselektrode, eine Gegenelektrode und eine MeBzone zwischen der Arbeitselektrode und der Ge- 
genelektrode aufweist, 
5 Messen einer Kapazitanz von wenigstens einem der Elektrodenpaare; und 

Errechnen des Volumens der MeBzone aus der Kapazitanzmessung. 

32. Verfahren nach Anspruch 24, wobei der Sensor einen Redoxmediator auf der Arbeitselektrode aufweist, und wobei 
die molare Menge des Redoxmediators in einer reduzierten Form vor der Einfuhrung der Probe geringer ist als, 
10 auf stdchiometrischer Basis, 5% der erwarteten molaren Menge des Analyten, der elektrolysiert werden soli, und 

wobei die Stufe der Bestimmung der Konzentration des Analyten umfaBt: 

Elektrolysieren von weniger als etwa 1 uJ der Probe. 

is 33. Verfahren nach Anspruch 32, wobei der Sensor wenigstens zwei Arbeitselektroden aufweist, wobei jede Arbeits- 
elektrode eine zugeordnete MeBzone aufweist, und wobei die Stufe der Bestimmung der Konzentration des Ana- 
lyten das Mitteln von Messungen von den wenigstens. zwei Arbeitselektroden umfaBt, und gegegebenfalls auBer- 
dem die Eliminierung von Messungen umfaBt, die einen Schwellenwert uberschreiten, und gegebenenfalts auBer- 
dem das erneute Mitteln der Messungen ohne die eliminierten Messungen. 

20 

34. Ein AnalytenmeBsystem, das umfaBt: 

eine Probengewinnungseinrichtung, vorzugsweise ein Teil (54) zum Anstechen der Haut, wie beispielsweise 
eine Lanzette, urn eine Patientenprobe zu erzeugen; 
25 den elektrochemischen Sensor nach irgendeinem der Anspruche 1 bis 23; und 

gegebenenfalls eine Transported richtung, wie beispielsweise ein saugendes Material, eine Kapillarkammer, 
ein Sorbensmaterial Oder eine Pumpe, urn die Probe, die durch die Probengewinnungseinrichtung erzeugt 
wurde, in die Probepkammer oder die MeBzone zu transportieren. 

30 35. System nach Anspruch 34, wobei die Einrichtung zum Anstechen der Haut ein Teil des Sensors ist. 

36. Verfahren zur Messung eines Analyten in einer Patientenprobe, wobei das Verfahren umfaBt: 

Inkontaktbringen des Patienten mit einem AnalytenmeBsystem, wobei das System umfaBt: 

35 

eine Probengewinnungseinrichtung zur Erzeugung einer Patientenprobe; und 

den elektrochemischen Sensor nach irgendeinem der Anspruche 1 bis 23, urn den Analyten in der Probe 
zu messen, 

Gewinnen einer Probe unter Verwendung der Probengewinnungseinrichtung; 

Transportieren eines Teils der Probe zu der MeBzone oder der Probenkammer des elektrochemischen Sen- 
sors, wobei die Stufe des Transportierens gegebenenfalls das Einsaugen der Probe in die MeBzone oder die 
Probenkammer unter Verwendung des Sorbensmaterials umfaBt; und 
Bestimmen der Konzentration des Analyten in der Probe durch Coulometrie. 

Verfahren nach Anspruch 36, wobei die Probengewinnungseinrichtung ein Teildes Sensors ist. 

38. Verfahren nach den Anspruchen 36 oder 37, wobei die Probengewinnungseinrichtung ein Element zum Anstechen 
der Haut, wie beispielsweise eine Lanzette umfaBt, und der Schritt der Gewinnung einer Probe das Anstechen 
der Haut des Patienten an einem Ort, der nicht ein Finger des Patienten ist, umfaBt, urn eine Probe zu erzeugen. 

39. Verfahren zur Bestimmung einer Konzentration eines Analyten in einer Probe, wobei das Verfahren die Schritte 
umfaBt: 

Verbinden der Elektroden eines elektrochemischen Sensors, der eine Arbeitselektrode, eine Gegenelektrode 
und eine Probenkammer aufweist, urn die Probe in einem elektrolytischen Kontakt mit der Arbeitselektrode 
und der Gegenelektrode zu halten, mit der externen Elektronik einer MeBvorrichtung; 
Inkontaktbringen der Probe mit dem Sensor; 
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. Halten der Probe in einer stromungsfreien Weise innerhalb der Probenkammer; 

Anlegen eines Potentials zwischen der Arbeits- und der Gegenelektrode, um den Analyten in einem Teil der 
Probe innerhalb der Probenkammer zu eiektrolysieren, wobei der Teil der Probe, in der der Analyt elektrolysiert 
wird, ein Volumen von weniger als 1 ul aufweist; 
5 Messen des Stroms, der durch den elektrochemischen Sensor erzeugt wird, zu einer Vielzahl von Zeitpunkten, 

wahrend der Analyt in dem Teil der Probe elektrolysiert wird; und 

Bestimmen, durch Coulometrie, einer Konzentration des Analyten in der Probe, unter Verwendung der ge- 
messenen Strdme. 

10 40. Sensor nach Anspruch 7, wobei der Sensor auBerdem ein zweites Elektronenubertragungsmittel aufweist, wie 
beispielsweise ein Enzym, das auf dem Trager aufgetragen ist und mit dem Redoxmediator in Kontakt ist, wobei 
das zweite Elektronenubertragungsmittel gegebenenfalls auf dem Trager immobilisiert Ist. 

41. Verfahren zur Bestimmung einer Konzentration eines Analyten in einer Probe, das die Schritte umfaBt: 

15 

Inkontaktbringen der Probe mit dem Sensor nach Anspruch 7 Oder Anspruch 40, und 

Korrelieren der Konzentration des Analyten in der Probe mit einer Veranderung des Oxidationszustands des 

Redoxmediators in Gegenwart von Analyten. 

20 42. Verfahren nach Anspruch 41, wobei der Sensor einen optischen Sensor umfaBt, und die Stufe des Korrelierens 
der Konzentration des Analyten umfaBt: 

Bestrahlen des Redoxmediators mit Licht; 

Messen der Reaktion des Redoxmediators auf die Bestrahlung mit Licht; und 
25 Korrelieren der Konzentration des Analyten mit der gemessenen Antwort des Redoxmediators. 

43. Verfahren nach Anspruch 42, wobei die Stufe der Messung der Antwort des Redoxmediators auf die Bestrahlung 
mit Licht das Messen der Absorption oder des Transmissionsgrads des eingestrahlten Lichts durch den Redox- 
mediator umfaBt. 

30 

44. Verfahren nach Anspruch 42, wobei der Schritt der Messung der Antwort des Redoxmediators auf Bestrahlung 
mit Licht das Messen der Fluoreszenz des Redoxmediators nach der Bestrahlung mit Licht, oder die Messung der 
Reflektion von Licht durch den Redoxmediator umfaBt. 

35 45. Verfahren nach Anspruch 41 , wobei der Sensor einen elektrochemischen Sensor umfaBt, und der Schritt der Kor- 
relation der Konzentration des Analyten umfaBt: 

Anlegen eines elektrischen Potentials an den Redoxmediator; 

Messen eines Stroms in einem oder mehreren Intervallen, wobei der Strom als Reaktion auf die Elektroiyse 
40 des Redoxmediators in Gegenwart des Analyten erzeugt wird; und 

Korrelieren der Konzentration des Analyten mit dem gemessenen Strom. 

46. Verfahren nach Anspruch 41, wobei der Redoxmediator einen Ubergangsmetallkomplex umfaBt, wie beispiels- 
weise einen Osmiumkomplex, und vorzugsweise Osmium, das mit wenigstens einem Liganden mit einem stick- 

45 stoffhaitigen Heterocyclus komplexiert ist, wie beispielsweise mit 2,2'-Bipyridin, 1,10-Phenanthrolin oder einem 

Derivat davon, vorzugsweise einem Mono-, Di- oder Polyalkoxyderivat von 2,2'-Bipyridin oder 1 , 1 O-Phenanthrolin, 
und noch starker bevorzugt mit 4,4'-Dialkoxy-2,2'-bipyridin oder 4,7-Dialkoxy-1 ,1 0-phenanthrolin, wobei das Ver- 
haltnis von Kohlenstoff zu Sauerstoff der funktionalen Alkoxygruppen ausreicht, um die Loslichkeit des Ubergangs- 
metalikompiexes in Wasser vor dem Vernetzen zu gewahrleisten. 

so 

47. Verfahren nach Anspruch 46, wobei der stickstoffhaltige Heterocyclus 4,4 , -Dimethoxy-2,2'-bipyridin oder 4,7-Di- 
methoxy- 1,1 0-phenanthrolin umfaBt. 

48. Verfahren nach Anspruch 46, wobei der Osmiumkomplex mit einem polymeren Liganden komplexiertes Osmium 
55 umfaBt, wobei der polymere Ligand einen stickstoffhaltigen Heterocyclus umfaBt. 

49. Verfahren nach Anspruch 48, wobei das Polymer Poly(4-vinylpyridin) oder Poly(l-vinylimidazolin) umfaBt. 
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50. Verfahren nach Anspruch 49, wobei der Redoxmediator Os [4,4'-Dimethoxy-2,2 , -bipyridinkCI +/+2 Oder Os[4,7-Di- 
methoxy-1 .lO-phenanthrolin^CI 47 " 1 - 2 komplexiert mit Poly(l-vinylimidazol) umfaBt. 

51. Sensor nach Anspruch 7, wobei ein Teil des luftoxidierbaren Redoxmediators oxidiert wird, wenn der analytische 
Sensor in einer Atmosphare verpackt wird, die molekularen Sauerstoff enthatt. 

52. Verfahren nach Anspruch 50, wobei sich mehr als 90% des Redoxmediators nach einer Lagerung fur mehr als 
einen Monat in einem oxidierten Zustand befinden. 

53. AnalytenmeBsystem, das umfaBt: 

a. einen Sensor nach einem der Anspruche 1 -23, 40 und 51 ; und 

b. ein Coulometer, das funktionell mit dem Sensor verbunden ist und so ausgelegt ist, dass es die kumulative 
elektrische Ladung miBt, die durch den Sensor flieBt. 

Revendications 

1. Detecteur electrochimique pour determiner ia concentration d'un analyte dans un echantillon, le detecteur 
comprenant : 

au moins une electrode de travail (22) ; 
au moins une electrode auxiliaire (24) ; 

lesquelles electrodes, en utilisation, sont raccordees a I'electronique externe d'un instrument de mesure ; 
au moins une chambre a echantillon (26), dans lequel ladite chambre a echantillon est 

(i) une chambre a echantillon pour maintenir I'echantiilon en contact electrolytique avec I'electrode de 
travail et dimensionnee pour contenir un maximum de 1 ul d'echantillon environ, ou 

(ii) une chambre a echantillon comprenant au moins une zone de mesure, dimensionnee pour contenir 
un maximum de 1 ul d'echantillon environ, dans laquelle la zone de mesure est limitee sur au moins deux 
cotes par I'electrode de travail et I'electrode auxiliaire ; 

ledit detecteur contenant un mediateur d'oxydoreduction non lixiviable sur I'electrode de travail ; et 

ledit detecteur contenant facultativement un sorbant (34) dispose au moins partiellement a I'interieur de la 

chambre a echantillon ou au moins partiellement a I'interieur de la zone de mesure. 

2. Detecteur selon la revendicatjon 1 , dans lequel I'electrode de travail et I'electrode auxiliaire sont composees de 
metal ou de carbone ; et le detecteur comprend le mediateur d'oxydoreduction non lixiviable sur I'electrode de 
travail. 

3. Detecteur selon la revendication 2, dans lequel le detecteur comprend en outre un second agent de transfer! 
electronique, de preference une enzyme telle que la glucose oxydase, sur I'electrode de travail, dans lequel le 
second agent de transfert est facultativement immobilise sur I'electrode de travail et/ou est facultativement non 
lixiviable. 

4. Detecteur selon la revendication 1, dans lequel I'electrode de travail et I'electrode auxiliaire sont composees de 
metal ou de carbone, et le detecteur comprend un sorbant dispose au moins partiellement a I'interieur de la cham- 
bre a echantillon ou au moins partiellement a I'interieur de la zone de mesure. 

5. Detecteur selon I'une quelconque des revendications 1 a 4, dans lequel la chambre a echantillon, ou la zone de 
mesure, est dimensionnee pour contenir un maximum de 0,5 ul environ, de preference un maximum de 0,2 ul 
environ, de preference un maximum de 0,1 ul environ d'echantillon. 

6. Detecteur selon I'une quelconque des revendications 1 a 5, dans lequel le mediateur d'oxydoreduction est immo- 
bilise sur I'electrode de travail. 

7. Detecteur selon I'une quelconque des revendications 1 a 6, dans lequel le mediateur d'oxydoreduction est un 
mediateur d'oxydoreduction oxydable a I'air, avec de preference au moins 90 % du mediateur d'oxydoreduction 
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oxydable a I'air a I'etat oxyd6 avant ('introduction de I'echantillon. 

8. Detecteur selon Tune quelconque des revendications 1 a 7, dans lequel le mediateur d'oxydoreduction comprend 
un complexe m&allique de transition, tel qu'un complexe d'osmium, de ruthenium, de fer ou de cobalt, et de 
preference un complexe d'osmium avec au moins un ligand ayant un compose heterocyclique azote, tel que la 
bipyridine-2,2', le dim<§thyl-4,4*bipyridine-2,2\ le dialkoxy-4,4' bipyridine-2,2*, la phenanthroline-1,10, le dimethyl- 
4,7 phenanthroline-1 ,10, le dialkoxy-4,7 phenanthroline-1 ,10, ou les derives de ceux-ci. 

9. Detecteur selon la revendication 8, dans lequel le ligand ayant un compose heterocyclique azote comprend de ta 
bipyridine-2,2', de la phenanthroline-1,10, ou un deriv6 de celles-ci, tel qu'un derive mono-, di- ou polyalkolxy de 
la bipyridine-2,2' ou de la phenanthroline-1,10, dans lequel le rapport carbone sur oxygene des groupements 
fonctionnels alkoxy est suffisant pour conserver la solubilite du complexe metallique de transition dans I'eau avant 
la reticulation. 

1 0. Detecteur selon la revendication 8 ou 9, dans lequel le rapport carbone sur oxygene des groupements fonctionnels 
alkoxy est suffisant pour conserver la solubility du complexe metallique de transition dans I'eau avant la reticulation. 

11. Detecteur selon I'une quelconque des revendications 1 a 10, dans lequel le sorbant a un volume mort de 5 % a 
50 % environ, de preference de 10 % a 25 % environ du volume total du sorbant. 

12. Detecteur selon Tune quelconque des revendications 1 a 11, dans lequel le detecteur comprend en outre une ou 
plusieurs electrodes de travail supplementaires. 

13. Detecteur selon I'une quelconque des revendications 1 a 12, dans lequel au moins une electrode de travail et au 
moins une electrode auxiliaire forment au moins une paire d'electrodes en regard, dans lequel facultativement 
chaque paire reagit a un analyte spScifique. 

14. Detecteur selon la revendication 1 3, dans lequel la distance separant I'electrode de travail de I'electrode auxiliaire 
n'excede pas 0,2 mm environ, ou 0,1 mm environ, ou 0,05 mm environ. 

15. Detecteur selon la revendication 13, dans lequel au moins une paire d'electrodes en regard est composee d'une 
electrode de travail comprenant un mediateur d'oxydoreduction et une enzyme non lixiviables, et dans lequel au 
moins une autre paire d'electrodes en regard est composee d'une electrode de travail comprenant un mediateur 
d'oxydoreduction non lixiviable en I'absence de I'enzyme. 

1 6. Detecteur selon la revendication 1 5, comprenant en outre une troisieme paire d'electrodes (46) n'ayant ni mediateur 
d'oxydoreduction ni enzyme sur I'electrode de travail. 

1 7. Detecteur selon I'une quelconque des revendications 1 a 1 6, dans lequel I'electrode de travail comprend un premier 
bras (122) et I'electrode auxiliaire comprend un second bras (124), une partie du premier bras chevauchant une 
partie du second bras, dans lequel la zone de mesure, ou la chambre a echantilldn, comprend une region (21) 
entre les parties chevauchantes du premier et du second bras. 

18. Detecteur selon la revendication 17, dans lequel le premier bras a une longueur supplemental et la partie che- 
vauchante du premier bras a une largeur, dans lequel le rapport de la longueur supplemental du premier bras 
sur la largeur de la partie chevauchante du premier bras varie de 0,1/1 a 50/1 , de preference de 1/1 a 15/1 , et de 
maniere preferee entre toutes de 4/1 a 1 0/1 . 

19. Detecteur selon la revendication 18, dans lequel le premier et le second bras se coupent a un angle superieur a 
0 degre. 

20. Detecteur selon I'une quelconque des revendications 1 a 19, dans lequel le sorbant comporte un materiau en 
poudre dispose sur I'electrode de travail. 

21. Detecteur selon la revendication 13, dans lequel ladite paire d'electrodes en regard comprend un materiau de 
base (102) ayant une encoche (104) et au moins une de I'electrode de travail et de I'electrode auxiliaire disposee 
dans I'encoche. 
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22. Detecteur selon I'une quelconque des revendications 1 a 21, comprenant en outre un materiau de remplissage, 
de preference un materiau de remplissage hydrophile, dans lequel le materiau de remplissage est dispose dans 
la zone de mesure ou dans la chambre a echantillon, pour reduire un volume de la zone de mesure ou de la 
chambre a echantillon disponible pour I'echantillon. 

23. Detecteur selon Pune quelconque des revendications 1 a 22, dans lequel le detecteur produit un signal dans une 
solution tampon contenant 1 0 mM de glucose qui est au moins 9 fois plus fort qu'un signal produit dans une solution 
tampon sans glucose. 

24. Precede pour determiner une concentration d'un analyte dans un echantillon, comportant la mise en contact de 
I'echantillon avec le detecteur electrochimique selon I'une quelconque des revendications 1 a 23, et la determina- 
tion de la concentration de I'analyte dans I'echantillon par coulometrie. 

25. Procede selon la revendication 24, dans lequel I'etape de mise en contact est realisee en mettant en contact 
rechantillon avec le sorbant pour introduire par effet de meche I'echantillon dans la chambre a echantillon ou dans 
la zone de mesure. 

26. Procede selon la revendication 24, dans lequel la chambre a echantillon se remplit par capillarite. 

27. Procede selon la revendication 24, dans lequel I'etape de determination de la concentration de I'analyte comporte 
les phases suivantes : 

electrolyse d'au moins 90 % de I'analyte present dans la zone de mesure par application d'un potentiel a 

travers I'electrode de travail et I'electrode auxiliaire, de preference en moins de 5 minutes environ, et de ma- 

niere preferee entre toutes en moins de 1 minute environ ; 

determination d'une charge electrique utilisee pour electrolyser I'analyte ; 

et correlation entre la charge electrique et la concentration de I'analyte dans I'echantillon ; 

dans lequel I'etape de determination est facultativement realisee selon les phases suivantes : 

mesure d'un courant genere au niveau de I'electrode de travail a deux instants ou plus pendant I'electrolyse 
de I'analyte ; 

integration dans le temps des courants mesures pour obtenir la charge electrique utilisee pour electrolyser 
I'analyte. 

28. Procede selon la revendication 24, dans lequel I'etape de determination de la concentration de I'analyte par cou- 
lometrie comporte les phases suivantes : 

electrolyse d'une partie de I'analyte par application d'un potentiel a travers I'electrode de travail et I'electrode 
auxiliaire ; 

mesure d'un courant genere au niveau de I'electrode de travail a deux instants ou plus pendant I'electrolyse ; 
extrapolation d'une courbe de courant basee sur les courants mesures ; 

integration dans le temps de la courbe de courant pour obtenir une charge electrique necessaire pour elec- 
trolyser au moins 90 % de I'analyte ; 

et correlation entre la charge electrique et la concentration de I'analyte dans I'echantillon. 

29. Procede selon la revendication 24, dans lequel le detecteur electrochimique est compose d'une premiere et d'une 
seconde paire d'electrodes, chaque paire comportant une electrode de travail, dans lequel ladite premiere paire 
d'electrode comprend un mediateur d'oxydoreduction non lixiviable et une enzyme non lixiviable sur I'electrode de 
travail, et dans lequel ladite seconde paire d'electrode comprend un mediateur d'oxydoreduction non lixiviable en 
I'absence d'enzyme. 

30. Procede selon la revendication 29, dans lequel I'etape de determination de la concentration de I'analyte comporte 
les phases suivantes : 

mesure pratiquement simultanee, et a deux instants ou plus, d'un premier courant genere au niveau de la 
premiere paire d'electrodes et d'un second courant genere au niveau de la seconde paire d'electrodes ; 
integration dans le temps des premiers courants mesures pour obtenir une seconde charge ; 
soustraction de.la seconde charge de la premiere charge pour obtenir une charge a bruit reduit ; 
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et correlation entre la concentration de I'analyte et la charge a bruit reduit. 

31 . Procede selon la revendication 24, le precede comportant, avant les etapes de mise en contact et de determination, 
les autres phases suivantes : 

fourniture du detecteur electrochimique selon Tune quelconque des revendications 1 a 23, dans lequel le 
detecteur a une ou plusieurs paires d'electrodes en regard, chaque paire d'electrodes etant composee d'une 
electrode de travail, d'une Electrode auxiliaire et d'une zone de mesure entre I'electrode de travail et I'electrode 
auxiliaire ; 

mesure d'une capacity d'au moins une des paires d'electrodes ; 

et calcul du volume de !a zone de mesure a partir de la mesure de capacite. 

32. Procede selon la revendication 24, dans lequel le detecteur comprend un mediateur d'oxydoreduction sur I'elec- 
trode de travail, et la quantite molaire de mediateur d'oxydoreduction sous forme reduite avant Introduction de 
I'echantillon est inferieure, sur une base stoechiometrique, a 5 % de !a quantite molaire theorique de I'analyte a 
electrolyser ; et dans lequel I'etape de determination de la concentration de I'analyte comporte : 

Electrolyse de moins d'1 uJ d'echantillon. 

33. Procede selon la revendication 32, dans lequel le detecteur comprend au moins deux electrodes de travail, chaque 
electrode de travail ayant une zone de mesure associee, et dans lequel I'etape de determination de la concentration 
de I'analyte comporte le calcul de la moyenne des mesures realisees sur lesdites electrodes de travail, et facul- 
tativement comporte. en outre I'elimination des mesures excedant une valeur-seuil, et facultativement comporte 
en outre le recalcul de la moyenne des mesures sans les mesures eliminees. 

34. Dispositif de mesure d'analyte comprenant : 

moyen d'acquisition d'echantillons, de preference un membre pour inciser la peau (54), tel qu'une lancette, 
pour produire un echantillon d'un patient ; 

le detecteur electrochimique selon I'une quelconque des revendications 1 a 23 ; 

et facultativement un moyen de transport, tel un materiau a effet de meche, une chambre capillaire, un sorbant 
ou une pompe, pour transporter I'echantillon produit par le moyen d'acquisition d'echantillons vers'la chambre 
a echantillon ou vers la zone de mesure. 

35. Dispositif selon la revendication 34, dans lequel le membre pour inciser la peau fait partie integrante du detecteur. 

36. Procede pour mesurer I'analyte dans un echantillon de patient, le procede comprenant : 

mise en contact du patient avec le dispositif de mesure d'analyte, le dispositif comprenant : 
un moyen d'acquisition d'echantillon pour produire un Echantillon de patient; 

et le detecteur electrochimique selon I'une quelconque des revendications 1 a 23, pour mesurer I'analyte 
dans I'echantillon ; 

acquisition d'un echantillon avec le moyen d'acquisition d'echantillon ; 

transport d'une partie de i'echantillon vers la zone de mesure ou la chambre a echantillon du detecteur 
electrochimique, dans lequel I'etape de transport comprend facultativement ('introduction par effet de me- 
che de I'echantillon dans la zone de mesure ou dans la chambre a echantillon a I'aide du sorbant ; 
et la determination de la concentration de I'analyte dans I'echantillon par coulometrie. 

37. Procede selon la revendication 36, dans lequel le moyen d'acquisition d'echantillon fait partie integrante du de- 
tecteur. 

38. Procede selon les revendications 36 et 37, dans lequel le moyen d'acquisition d'echantillon comprend un membre 
pour inciser la peau, tel une lancette, et I'etape d'acquisition d'echantillon comporte I'incision de la peau du patient 
a un endroit autre que le doigt pour produire un echantillon. 

39. Procede pour determiner une concentration d'un anaiyte dans un echantillon, le procede comportant les etapes 
suivantes : 
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raccordement des electrodes d'un detecteur electrochimique compost d'une Electrode de travail, d'une elec- 
trode auxiliaire, et d'une chambre a echantillon pour maintenir I'echantillon en contact electroiytique avec 
I'electrode de travail et I'electrode auxiliaire, a I'electronique externe d'un appareil de mesure ; 
mise en contact de rechantillon et du detecteur ; 

maintien de I'echantillon a I'interieur de la chambre a echantillon sans circulation ; 

application d'un potentiel entre I'electrode de travail et I'electrode auxiliaire pour electrolyser I'analyte dans 
une partie de I'echantillon a I'interieur de la chambre a echantillon, dans laquelje la partie de I'echantillon dans 
lequel I'analyte est electrolyse a un volume inferieur a 1 ul ; 

mesure du courant gene're par le detecteur electrochimique a plusieurs instants pendant que I'analyte dans 
la partie de I'echantiilon est electrolyse ; 

et determination par coulometrie d'une concentration de I'analyte dans I'echantillon a I'aide des courants me- 
sures. 

40. Detecteur selon la. revendication 7, dans lequel le detecteur comprend en outre un second agent de transfert 
electronique, tel qu'une enzyme, enduit sur le support et en contact avec le mediateur d'oxydoreduction, dans 
lequel le second agent de transfert Electronique est facultativement immobilise sur le support. 

41. Precede pour determiner une concentration d'un analyte dans un echantillon, comportant les etapes suivantes : 

mise en contact de I'echantillon avec le detecteur selon la revendicatlon 7 ou la revendication 40 ; 

et correlation entre la concentration de I'analyte dans I'echantillon et un changement d'etat d'oxydation du 

mediateur d'oxydoreduction en presence d'analyte. 

42. Proced£ selon la revendication 41 , dans lequel le detecteur comprend un detecteur optique, et I'etape de correlation 
de la concentration de I'analyte comporte : 

irradiation du mediateur d'oxydoreduction avec de la lumiere ; 

mesure de la reponse du mediateur d'oxydoreduction a I'irradiation par la lumiere ; 

et correlation entre la concentration de I'analyte et la reponse mesuree du mediateur d'oxydoreduction. 

43. Procede selon la revendication 42, dans lequel I'etape de mesure de la reponse du mediateur d'oxydoreduction 
a I'irradiation par la lumiere comporte la mesure de I'absorption, ou la transmittance, de la lumiere irradiee par le 
mediateur d'oxydoreduction. 

44. Procede selon la revendication 42, dans lequel I'etape de mesure de la reponse du mediateur d'oxydoreduction 
a I'irradiation par la lumiere comporte la mesure de la fluorescence du medjateur d'oxydation- reduction apres 
irradiation par la lumiere, ou la mesure de la reflexion de la lumiere par le mediateur d'oxydoreduction. 

45. Procede selon la revendication 41 , dans lequel le detecteur comprenant un detecteur electrochimique, et I'etape 
de correlation de la concentration de I'analyte comporte : 

application d'un potentiel electrique a travers le mediateur d'oxydoreduction ; 

mesure d'un courant a un ou plusieurs intervailes, le courant etant genere en reponse a reiectrolyse du me- 
diateur d'oxydoreduction en presence de I'analyte ; 
et correlation entre la concentration de I'analyte et le courant mesure. 

46. Procede selon la revendication 41, dans lequel le mediateur d'oxydoreduction comprend un complexe metallique 
de transition, tel qu'un complexe d'osmium, et de preference a complexe d'osmium avec au moins un ligand ayant 
un compose heterocyclique azote, tel que la bipyridine-2,2', la phenanthroline-1,10, ou un derive de celles-ci, de 
preference un derive mono-, di- ou polyalkolxy de la bipyridine-2,2' ou de la phenanthroline-1,10, et de maniere 
preferee entre toutes comprend du dialkoxy-4,4* bipyridine-2,2' ou du dialkoxy-4,7 phenanthroline-1,10, dans le- 
quel le rapport carbone sur oxygene des groupements fonctionnels alkoxy est suffisant pour conserver la solubilite 
du complexe metallique de transition dans I'eau avant la reticulation. 

47. Procede selon la revendication 46, dans lequel le compose heterocyclique azote comprend du dimethoxy-4,4' 
bipyridine-2,2' ou du dimethoxy-4,7 phenanthroline-1,10. 

48. Procede selon la revendication 46, dans lequel le complexe d'osmium comprend de I'osmium en complexe avec 
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un ligand polymerique, dans lequel le ligand polymerique comprend un compost heterocyciique azote. 

49. Procede selon la revendication 48, dans lequel le polymere comprend du poly(vinyle pyridine-4) ou du poly(vinyle 
imidazole-1). 

50. Procede selon la revendication 49, dans lequel le mediateur d'oxydoreduction comprend de I'Osfdlmethoxy^,^ 
bipyridine-2,2')2Cl +/+2 ou de l'Os(dimethoxy-4,7 phenanthroline-1 t 10) 2 CI^ +2 en complexe avec du poly(vinyle imi- 
dazole-1). 

51. Detecteur selon la revendication 7, dans lequel une partie du mediateur d'oxydoreduction oxydable a Pair est 
oxydee au moment de I'emballage du detecteur analytique dans une atmosphere contenant de I'oxygene mole- 
culaire. 

52. Procede selon la revendication 50, dans lequel plus de 90 % du mediateur d'oxydoreduction est a I'etat oxyde 
apres une periode de stockage superieure a un mois. 

53. Dispositif de mesure d'analyte comprenant : 

un detecteur selon I'une quelconque des revendications 1 a 23, 40 et 51 ; 

et un coulombmetre fonctionnellement raccorde au detecteur et configure pour mesurer la charge electrique 
cumulee circulant dans le detecteur. 
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FIG. 1 
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FIG. 11A 
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FIG. 11B 
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FIG. 11C 
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FIG. 13B 




FIG. 14B 
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